Atmos. Chem. Phys., 13, 692895Q 2013 Atmospheric S

°
[©]

www.atmos-chem-phys.net/13/6921/2013/ Ch ist £
doi:10.5194/acp-13-6921-2013 emistry »
© Author(s) 2013. CC Attribution 3.0 License. and Physics &

Stratospheric lifetimes of CFC-12, CC}, CH,4, CH3Cl and N,O from
measurements made by the Atmospheric Chemistry
Experiment-Fourier Transform Spectrometer (ACE-FTS)

A.T.Brownl, C. M. Volk?2, M. R. Schoeber®, C. D. Booné, and P. F. Bernati?®

1Department of Physics, University of York, Heslington, YO105DD, UK
2Department of Physics, University of Wuppertal, 42119 Wuppertal, Germany
3Science and Technology Corporation, Lanham, Maryland, 20706, USA
4Department of Chemistry, University of Waterloo, Ontario, Canada

SDepartment of Chemistry and Biochemistry, Old Dominion University, Virginia, USA
6Department of Chemistry, University of York, Heslington, YO105DD, UK

Correspondence tdA. T. Brown (alex.brown@york.ac.uk)

Received: 24 January 2013 — Published in Atmos. Chem. Phys. Discuss.: 14 February 2013
Revised: 5 June 2013 — Accepted: 17 June 2013 — Published: 23 July 2013

Abstract. Long lived halogen-containing compounds are im- sults of these calculations, including systematic errors, were
portant atmospheric constituents since they can act both asas follows: 113+ (—) 32 (20) for CFC-12, 123- (—) 83 (35)
source of chlorine radicals, which go on to catalyse ozonefor N2O, 195+ (—) 139 (57) for CH, 35+ (—) 14 (8) for
loss, and as powerful greenhouse gases. The long-term imzCly and 69+ (—) 2119 (34) yr for CHCI. For CHCI &
pact of these species on the ozone layer is dependent on thdliH, this represents the first calculation of the stratospheric
stratospheric lifetimes. Using observations from the Atmo-lifetime using data from a space based instrument.
spheric Chemistry Experiment Fourier Transform Spectrom-
eter (ACE-FTS) we present calculations of the stratospheric
lifetimes of CFC-12, CCJ, CH4, CH3Cl and NvO. The life-
times were calculated using the slope of the tracer-tracel Introduction
correlation of these species with CFC-11 at the tropopause.
The correlation slopes were corrected for the changing atCatalytic stratospheric ozone destruction occurs through the
mospheric concentrations of each species based on age of d@rmation of halogen, nitrogen and hydrogen radicals. The
and CFC-11 measurements from samples taken aboard tHealogen and nitrogen source gases also play a role in global
Geophysicaircraft — along with the effective linear trend of radiative transfer blocking outgoing infrared radiation. In the
the volume mixing ratio (VMR) from tropical ground based case of halogen source gases, the long tropospheric lifetimes
AGAGE (Advanced Global Atmospheric Gases Experiment)of many halogen-containing species allow them to reach
sites. Stratospheric lifetimes were calculated using a CFCthe stratosphere through the upwelling tropical circulation.
11 lifetime of 45yr. These calculations produced values ofOnce in the stratosphere they undergo photolysis and the
113+ (=) 26 (18) yr (CFC-12), 35+ (—) 11 (7) yr (CCh), halogen atoms which they contain are released into the sur-
69 + (—) 65 (23) yr (CHCI), 123+ (=) 53 (28) yr (N:O) rounding atmosphere. Chlorine and bromine atoms released
and 195+ (=) 75 (42) yr (CHy). The errors on these values into the stratosphere catalyse ozone destruction. Fluorine
are the weightedd. non-systematic errors. Systematic errors atoms react rapidly to form stable HF. Chlorine-containing
were estimated by recalculating lifetimes using VMRs which molecules typically absorb infrared radiation in the 650-
had been modified to reflect differences between ACE-FTS780cnt? region (Lide, 1990;http:/nwir.pnl.gov), which
retrieved VMRs and those from other instruments. The re-is partly masked by C®and water vapour absorption. De-
spite this, species such as G@lave large global warming
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potentials, for example Cglhas a global warming poten- ing balloon and aircraft borne instruments can be used to
tial 1400 times larger than CQSolomon et al., 2007). C—F calculate stratospheric lifetimes of a number of long lived
bonds typically absorb radiation in the 1400-1000¢rre- species using correlations with CFC-11 (Volk et al., 1997;
gion (http://nwir.pnl.govf Lide, 1990), a region which is rel- Bujok et al., 2001; Laube et al., 2013). This method relies on
atively clear from atmospheric absorption from other speciesaccurate knowledge of the lifetime of CFC-11. Recent cal-
making fluorine-containing molecules powerful greenhouseculations of the lifetime of CFC-11, carried out using model
gases. The emissions of many halogen-containing species adata, have produced values between 56 and 64 yr (Douglass
now limited under the Montreal Protocol (UNEP, 2009). The et al., 2008), whilst older estimates suggest a lifetime of
Montreal Protocol has been successful in both reducing the5 yr (Prinn et al., 1999). This uncertainty in the lifetime of
emissions of these species (Brown et al., 2011) and slowingCFC-11 therefore has a significant effect on the stratospheric
the rate of ozone loss (Aler et al., 2010). The reduction lifetime estimates of a number of other halogen-containing
in the emission of ozone depleting substances has also hagpecies. If satellite data is to be used to carry out this analysis
an effect in reducing the concentration of greenhouse gaseis should have sufficiently high vertical resolution to be able
(Velders et al., 2007). to extrapolate the slope of the correlation to the tropopause.

A full analysis of ozone destruction must also take specied_imb sounding satellite borne instruments, such as the At-
such as MO, which is the major source of stratospheric NO mospheric Chemistry Experiment (ACE) and the Michelson
and NQ, and CH,, which acts as a sink for atmospheric OH, Interferometer for Passive Atmospheric Sounding (MIPAS),
into account. The long-term impact of these species on thdave sufficiently high vertical resolution to be used for this
environment is determined by their atmospheric lifetimes.method of lifetime calculation.
Accurate estimates of atmospheric lifetimes of species which This paper presents new stratospheric lifetime esti-
are directly and indirectly involved in stratospheric ozone mates for CFC-12, Cg] CH4, CH3Cl and NO calcu-
loss are therefore vital. In particular, atmospheric lifetimeslated from correlations with CFC-11 using data from Atmo-
are used to set environmental policies on the emissions ofpheric Chemistry Experiment Fourier Transform Spectrom-
ozone depleting substances and greenhouse gag@saml  eter (ACE-FTS). For CFC-12, Cgand NO, which have no
methane are also greenhouse gases; furthermore, methankemical sink in the troposphere, these lifetimes correspond
contributes to stratospheric water vapour, which can affecto the global lifetime with respect to atmospheric removal.
surface temperatures (Solomon et al., 2010).

The 2010 scientific assessment of ozone depletion re-
port from the World Meteorology Organization (WMO)
(Montzka et al., 2011) highlighted problems with the cur- 2 Atmospheric Chemistry Experiment
rent lifetimes of some halogen-containing species such as
carbon tetrachloride (C@l. Atmospheric concentrations of Launched by NASA on board the Canadian satellite SCISAT-
CCly are declining more slowly than expected, which could 1 in August 2003, the ACE-FTS was designed to study “the
be caused by an unreliable atmospheric lifetime (Montzka echemical and dynamical processes that control the distri-
al., 2011). This has led to the formation of the Stratospheric-bution of ozone in the stratosphere and upper troposphere”
Troposphere Processes And their Role in Climate (SPARC)Bernath, 2006). ACE-FTS was designed to build on the
lifetimes reassessment project. The aim of the re-evaluatiosuccess of the Atmospheric Trace Molecule Spectroscopy
is to estimate the numerical values of the lifetimes and(ATMOS) instrument. ATMOS flew on four separate shuttle
the associated errors, assess the influence of different lifeflights, between 1985 and 1993, and pioneered space based
time definitions and assess the effect of changing climateobservations of a number of halogenated gases (Irion et al.,
on lifetimes. The SPARC science report will be published 2002; Gunson et al., 1996).
by spring 2013 and will form the basis for the 2014 WMO  The ACE-FTS is a high resolution (0.02 cf) spectrom-
Ozone Assessmenhttp://www.sparc-climate.org/activities/ eter operating between 750 and 4400¢mACE-FTS is a
lifetime-halogen-gaseys/ solar occultation instrument; a series of atmospheric absorp-

There are a number of methods for calculating the stratotion spectra are measured at a number of tangent heights dur-
spheric lifetimes of long lived gases using satellite mea-ing sunrise and sunset. Currently this method of measure-
surements. Stratospheric lifetimes can be calculated using ment allows the retrieval of vertical profiles with high vertical
combination of satellite measurements and an atmospherigesolution (1 km near the tropopause) of over 30 molecules
model. Satellite measurements are used to calculate théhttp://www.ace.uwaterloo.gaThe methodology used to re-
global atmospheric burden of a species. Subsequently, modélieve the atmospheric volume mixing ratios (VMRS) of the
data can be used to calculate the loss rates for the speciekfferent molecules from the ACE-FTS spectra is outlined by
from photolysis and chemical reaction. The instantaneousBoone et al. (2005). ACE-FTS has almost global coverage
lifetime of a species is simply the global atmospheric bur-from the Antarctic to the Arctic due to the circular low Earth
den divided by the sum of the loss rates (Johnston et al.orbit with an inclination of 74 of SCISAT-1 (Bernath et al.,
1979; Minschwaner et al., 1998). In situ measurements us2005). The instrument has been in operation for ten years,
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offering long-term observations of the volume mixing ratios and the age-of-air at the tropopausg fdl"). The correction

of a number of atmospheric gases. of dy/dI" to account for growth in the VMR of a species
(do/dI' — Eq. 2) is complicated by a number of factors. The
atmospheric growth rates of individual species are not nec-
essarily linear. This necessitates the calculation of the effec-
tive linear growth rateyp), and knowledge of the VMR of a
species at the tropopauss). In order thatyg may be cal-
culated, a long-term tropospheric data set for each species

3 Method

The lifetime calculations presented in this paper follow the
method laid out by Volk et al. (1997) based on the theoretical

work of Plumb and Ko (1992) and Plumb (1996). In this sec- is required. A polynomial curve (Eq. 3) is fitted to this time

tion a brief outline of the method will be given; for a more . ver a 5vr interval prior t ific reference tim
complete discussion the reader is directed to the aforemeri>c' ©> OVera syr interval prior 1o a Specllic reterence ime
tioned paper. when the measurements were made (for example if the ACE-

. e .
The stratospheric lifetimest{, ) of two long lived FT'S measurement was made in 2008, 2009,/ =year in

species, a and b, are related by the ratio of their average ayyhlch the individual ground based measurement in the time

mospheric VMR, and the slope of the correlation at the ex- Zerles \évetls m?de;).tTr;e f':c coeflf_zluenjsa_?gc (Eq. 33,fca?
tratropical tropopause {@d/dxp). In this paper we follow the € used lo calculate he from Eq. (4). The second factor .
convention of Volk et al. (1997), whene refers to the (tran- which co_mphcates the process comes from the strat_osphenc
sient) mixing ratios and represents the mixing ratios corre- age-of-air spectrum. Tha factor in Egs. (2) and (4) is the

; D . ratio of the squared width of the age spectrum to the mean
ndin ituation with th me tr s .
sponding to a steady state situation with the same t opopausa%e and accounts for the effects of the finite width of the age-

mixing rat'(i of-air spectrum (Volk et al., 1997). For this work we have

Ta g:S chosen to use a value of 1.25yr farfollowing the work of

P = el (1) Volk et al. (1997) and Laube et al. (2013). Rather than evalu-
o | ropopause ating Eq. (2) for each species as done in Volk et al. (1997) we

This method can be used to calculate the relative Iifetimeh(.ere combine it for two tracers a and b anq SUbSF'wMCﬂ
of a long lived species, a, assuming that the lifetime of a/Vith dxa/dxb-dxv/dl’, so that only the gradient with respect

second long lived species, b, is known. Conventionally life- to mean age O.f tracer species b is required. This results in the
following relation between the steady-state tracer—tracer cor-

times derived in this manner are calculated relative to CFC- lation slope (d./dor) required in Ea. (1) and the observed
11. Calculations are complicated by the fact that the observe?e ' pe (da/doy) required in Eq. (1) v

VMRs (x) of the species used in this study are changing in- ransient slope (g/dxv):

dependently of one another, while Eq. (1) requires steady- dxa ~dxp o
state quantitieso(). For the species considered here, the av- % _ o [tropopause T Ir=0 V0:0a
erage VMRs for steady s:tate,-ﬁ may well be approximated  doy, tropopause % + 10,00,

with the observed ones(() as the VMRs are nearly con- r=0

stant in the well-mixed troposphere that accommodates most 1-—2yp,A )
of the species’ burden. The transient correlation slopes at  1—2yp,A

the tropopause, however, generally differ significantly from . .
those in steady state. In order to account for the influence The slope of the correlation of mean age against CFC-11

of tropospheric growth on the correlation slopes we use re—at the tropopause required in Eq. (5) was calculated by Laube

lations derived by Volk et al. (1997; Egs. 25, 26, and Al3 _et al. (2013) based on laboratory analysis of CFC-11 and SF

therein) between parameters relating to tropospheric rowth!,n whole air samples taken on board @eophysicaiirqraft
) P g Posp 9 October 2009 and January 2010. These calculations pro-

the width of the stratospheric age spectrum, and the gradienf 1
of atracer’s VMR with respect to stratospheric mean age ( c%]uced a value ot-20.6= 4.6 pptyr - for early 2010 for the

. lope at the tropopause. For other years this value has been
n steady state (/dI") and non-steady state XédI"), at the S ) T
! y e/ar) y Xr) scaled using the effective linear growth ratg)(of CFC-11

tropopause: during this time (the values for which can be seen in Table 2).

do (g_ﬂ + yogo) The resulting values for the age-of-air slopes can be seen in

— = =0 , (2) Table 1. The use of the Laube et al. (2013) CFC-11 versus

dl'lr—o (1=2y04) age-of-air slopes facilitates the comparisons of lifetimes cal-

) culated from ACE with those derived from tii&eophysica

X0 (;) = xo0(t) [1+ b (/ — ;) +e (/ — ;) ] i (3)  samples by Laube et al. (2013). Initially we tested whether a
correlation between model age data and ACE CFC-11 could
contain the slopes but it was found that this was not the case.

yo= b—2Ac. 4)

Volk et al. (1997) used a correction factor which was cal-
culated using the correlation between the VMR of a species
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Table 1. The slope of the age of air against the volume mixing ratio Taple 2. The effective linear growth rateg() in % yr—! of CFC-

of CFC-11 at the tropopause. 11, CFC-12, CGJ, CHy, CHsCl and NO.

Age of airpptyr! CFC-11 CFC-12 CHCI

2005 ~ —21.3+4.6 2005 —0.853+0.019 —0.181+0.01  1.66%:0.556

2006 —21.1+4.6 2006 —0.92+0.022 -0.286+0.012 —0.428+0.712

2007 —20.9+4.6 2007 —0.905+0.023 -0.383+0.011 0.665+0.469

2008  —20.7+46 2008 —0.831:+0.026 -0.452+0.013  0.862:0.326

2009 —20.6+4.6 2009 -0.727+£0.019 -0.486+0.012 —-0.144+0.291

2010 —20.5+4.6 2010 -0.718+0.018 -—-0.478+0.009 —0.384+0.245

CCly N,O CHy

2005 -—0.933+0.024 0.205t 0.007 0.003t0.043
2006 —0.944+0.026 0.212:0.008 —0.034+0.039

. , . 2007 —1.133+0.032  0.2120.011 0.170.059
ACE-FTS data were divided into 24 separate data bins de- 2008 —1.30540028 02620008  0.47Z% 0.045

pendent on their stratospheric season and year. The datawas 2009 -1.451+0.023  0.25Z0.009  0.444+0.046

first divided into 4 bins which corresponded with Northern 2010 —-1.479+£0.027  0.262£0.009  0.328-0.047
Hemisphere stratospheric winter (NHW), Northern Hemi-

sphere stratospheric summer (NHS), Southern Hemisphere

stratospheric winter (SHW) and Southern Hemisphere

stratospheric summer (SHS). These four bins were defined [N the tropics, there is large-scale upwelling through the
by the month in which the occultations were made in thetropopause and further up in relative isolation from midlati-

4 Results and discussion

following manner. tudes, resulting in tropical correlation curves different from
those in the extratropical surf zone (e.g. Volk et al., 1996).
Northern November — December — January —  Tropical correlations thus reflect local rather than global
Hemisphere  February — March — April sources and sinks and are therefore not suited to derive global
Stratospheric stratospheric lifetimes (Plumb, 1996; Neu and Plumb, 1999).
Winter In the higher latitudes, the polar vortex causes stratospheric
air to subside in isolation from midlatitudes and correlation
Northern May* — June — July — August — curves within the vortex develop separately from those at
Hemisphere  September — October* midlatitudes over the course of the winter (e.g. Plumb, 2007),
Stratospheric thus making occultations within the polar vortex unsuitable
Summer for the derivation of stratospheric lifetimes. Tropical and po-
lar latitudes thus act as lower and upper limits for the lat-
Southern May — June — July — August — itudes from which data can be used in this study. The lati-
Hemisphere  September — October tudes used in this study run from above the tropic$,N®
Stratospheric to 70° N/S. Measurements made within the polar vortex ap-
Winter peared as outliers to the overall data and were removed as
they fell outside of the median absolute deviation (MAD) fil-
Southern November* — December — January — ter. In this way both the tropical and the polar-regions are
Hemisphere  February — March — April* avoided. The division of the data into Northern and Southern
Stratospheric hemispheres was designed to test whether there is any hemi-
Summer spheric dependence in the calculated lifetimes. By dividing

the data seasonally the sensitivity of the calculated lifetimes
The months marked with asterisks are not truly strato-to seasonal variation was also to be explored. Since the back-

spheric summer months; they were selected to increase thground VMR of these species varies annually the data was
sample size used in this study. The NHW bin for 2005 would divided into additional bins inside of the four mentioned pre-
include data from November and December 2004 and fromviously. These bins were separated by the year in which the
January, February, March and April 2005. Likewise, SHS occultations were made.
2005 included November and December 2004 and January, Once the data had been divided into the relevant bin, the
February, March and April 2005. The decision to use 6 monthdata within the bins was filtered. Outlying data were re-
periods of analysis was made to increase the sample size usetboved from the ACE-FTS VMR profiles by excluding data
in this work. If seasonality has a significant effect on the cal-whose deviation from the median was greater than 2.5 times
culated lifetime, dividing the data into two periods would be the median absolute deviation (MAD) at each altitude. A
sufficient to see this difference. MAD filter is an effective way to remove outlying data since

the MAD is less susceptible to outliers than the standard
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deviation. As has been mentioned previously, data within theas the species are not in steady state. This produces a curv-
polar vortex was outside these parameters and was thereforag effect in the correlations around the tropopause that can
discarded during this stage of filtering. A final round of filter- be clearly seen in Fig. 1. The method employed in this pa-
ing removed data below the tropopause using tropopause altper requires the knowledge of the slope of the stratospheric
tudes from the ACE derived meteorological product (DMPs).tracer—tracer correlation at the tropopause. The slope of the
Each ACE occultation has a unique DMP which presents thecorrelation at the tropopause was calculated using the equa-
altitude of the tropopause at the latitude, longitude and location derived from the polynomial fit along with the mean

time of the occultation. CFC-11 VMR at the tropopause. Following the work of Volk
et al. (1979) statistical errors on the fit were calculated us-
4.1 CFC-11 correlations ing a bootstrap method (Efron et al., 1991) and scaled using

the number of independent points used in the extrapolation

Mean correlation curves were produced for the correla-fit. The uncertainties in this work will first be evaluated and
tions of each species vs. CFC-11. The mean correlatiopropagated on a purely statistical base. Potential systematic
curves were calculated using the mean of the data in nonerrors, which may be introduced during the retrieval process,
overlapping windows which were 2 ppt of CFC-11 wide. The will be discussed and taken into account at a later stage (cf.
error on the mean of this data in bathand y (wherex is Sect. 4.2).
CFC-11 andy is the correlating species) is the standard error  The slopes at the tropopause are shown in Table Al in the
of the mean. These windows ran the entire range of the CFCsection A of the appendix along with a plot of these slopes for
11 data beginning at the minimum concentration and mov-comparison (Fig. Al). There are 3 bins with no correlation
ing along every 2 ppt until the maximum concentration valuedata, NHW 2005, SHW 2005 and NHW 20089. In these bins
had been passed. Once a mean correlation curve had begnoblems with the retrieval program, used to retrieve VMR
produced the slope of the data within a moving window of from ACE-FTS spectra, caused a failure in the retrieval of
80 ppt of CFC-11 was calculated using a linear least square@€FC-11. Work is ongoing at this time to rectify this problem.
fit which took both the error in the CFC-11 and the correlat- Correlations between CFC-12 and CFC-11 produce slopes
ing species’ mean into account. After measuring the slope othat range between 0.610.04 and 1.25-0.1. With a me-
the data the window would be moved forwards by 5 ppt anddian (of all 24 bins) of 0.99 and a standard deviation of 0.19
the slope of the data would be calculated again. The procethese data exhibit good self consistency. The slopes of the
dure started 80 ppt of CFC-11 below the minimum CFC-11CH3ClI correlation show a significant spread with a max-
VMR, providing a blank first reading. This procedure con- imum of 3.16+2.25 and a minimum of 0.68 0.39. The
tinued until the window was 80 ppt larger than the maximum slopes have a median of 1.60 and a standard deviation of
CFC-11 VMR. At both ends of the data the windows contain 0.65. CC}, has a large spread of slopes with a median of 0.59
areas with no data in them. In this case the middle of the datand a standard deviation of 0.23. The maxima and minima of
range was not the centre of the window. Instead, the centr¢his data are 1.24 0.26 and 0.18& 0.11. Both CH and NO
of the window was amended to reflect the centre of the datashow relatively wide spreads of values with medians of 2026
The same effect occurs at the tropopause. This produces a sand 577 and standard deviations of 914 and 178 respectively.
ries of windows which become smaller and smaller the closetOne source of variation for G| and CH, could be the flux
they get to the tropopause and the lower limit of the data.of species across the tropopause, e.g. due to seasonal or inter-
Once this procedure had been carried out data from windowsinnual variations in tropospheric growth, leading to changes
corresponding to a CFC-11 VMR of less than 120 ppt wereto the correlation slopes in the lowest part of the stratosphere.
discarded and a second degree polynomial was fit to the re- The effective linear growth rate/f — Eq. 5) was calcu-
maining data. The data was weighted using the square of thiated using monthly global means from the Advanced Global
inverse fitting errors on each point from the previous step.Atmospheric Gases Experiment (AGAGE) network (Prinn et
The aim of these calculations was to extrapolate the slopeal., 2000, 2001) for CFC-11 (Cunnold et al., 2002), CFC-
of the correlation to the tropopause. Removing data belowl2 (Cunnold et al., 1997), C&l(Simmonds et al., 1998),
120 ppt of CFC-11 ensured that the polynomial fit would not CH4 (Cunnold et al., 2002; Rigby et al., 2008), 6l (Sim-
be biased towards the higher altitudes. On the other hand, thenonds et al., 2004; Cox et al., 2003) angON(Prinn et al.,
range of the fit (120 te~ 220 ppt) ensured that the extrapo- 1990), following the method laid out in Volk et al. (1997)
lated slope at the tropopause would not be unduly affectedising Eqgs. (3) and (4). For this study a quadratic function
from points directly at the tropopause where complex mix-was fitted to 5 yr of AGAGE data prior to each year between
ing from the troposphere can cause the observed correlatioB005 and 2010. For C¥C| AGAGE data from between 2004
to breakdown. Examples of the correlation plots and slopeand 2010 was used. Strong seasonality was removed from the
calculations can be seen in Fig. 1, the remaining plots can beata using a sinusoidal term.
found in Appendix B (Figs. B1 to B21). The VMRs at the tropopauseq) were calculated by re-

Fluxes of chemical species into the stratosphere from thenoving any data below 3 km below the tropopause and any
tropopause are not constant and are prone to change as lowigta which lay above the tropopause. The remaining data was
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Fig. 1. Correlations between the volume mixing ratios of CFC-12,2CHy, CH3Cl and N O and CFC-11 for the data from the Northern
Hemisphere during the stratospheric winter of 2008. Left panels: the mean correlation curves. Each point represents the mean of the VMR,
of both CFC-11 and CFC-12, in a window of 2 ppt of CFC-11. The error on these points is the standard deviation of the data within each
2 ppt window. Right panels: the local slope of data in an 80 ppt of CFC-11 window. The error on the points is the fitting error of this fit. The
blue line is a second degree polynomial fit to the local slopes. The green point is the extrapolated slope at the tropopause.

used to calculate an annual mean VMR which representediation in Fig. A3 in Appendix A). The final error on the cal-
oo; these values can be seen in Table A2 of Appendix A. Theculated lifetimes results from propagation of the errors from
corrected correlation slopes, calculated using Eqg. (5), can beach step of the calculation. As the overall error is domi-

found in Table A3 and Fig. A2 of Appendix A. nated by the error of the measured correlation slope, which
is (approximately) inverse proportional to the lifetime, the
4.2 Lifetime calculations errors are asymmetric (but essentially symmetric for the in-
) verse lifetime).
The annual global mean atmospheric VMR) (of each The calculated lifetimes show variations between the

species was calculated using ACE-FTS profiles of the VMRpjng |arger than the estimated statistical uncertainties (cf.
(G)W,e'ght,ed by atmospheric pressuve).(lnthls' case pres- Fig. A3). There are several factors that could contribute
sure is being used as a proxy for density. Whilst using presy, g\ oy’ variability. First, the theoretical framework behind
sure will weight the lower stratosphere less than it deservesg g (1) 10 (5) does not take seasonal or interannual variabil-
giving a slight high bias in the atmospheric means, this ef-intq account, instead (1) relies on a steady-state situation,
fect will not be larger than the errors which are currently j, hich the correlation slope is related to the tracer flux into
assigned to the means. Mean VMR profiles were calculatedye syratosphere and thus (in steady state) to the stratospheric
for each species in t3atitude bins. Profiles were extended g,k \while Egs. (2-5) provide only a way to account for slow
from their lowest point to the ground by assuming a constant,e g (j e, variations on decadal scales). Seasonal to interan-
VMR. Each VMR value was weighted by the corresponding p, 5| yariations of the flux into the stratosphere, on the other
pressure; this allowed a weighted mean tq be calculated USiNBand. can be expected to affect the correlation slopes and
equation 6. The global mean atmospheric VMRs were theny, q e derived lifetimes. Such flux variations can be caused
calcula}ted by'welgh.tlng the pressure WelghFed means fronby variability of transport to the stratosphere, but also by
the latitude bins using the cosine of the latitude. This was, g japjjity of tropospheric VMRS due to tropospheric trans-
done since the majority of the mass of the global atmosphere, .+ ang/or source variability. The latter would particularly

is contained in the tropical troposphere. The results of this;oncern species with natural sources and significant seasonal

analysis can be seen in Table A4 of Appendix A. cycles (CH, N»O, CHsCl), which indeed show the largest
_ > Pio; variation between the individual bins. Second, variability of
o= P, (6) transport within the stratosphere might affect the shape of

] . ] o the correlation curves and thus the extrapolated (and/or the
Calculations were carried out using a CFC-11 lifetime of ya4)) correlation slope at the tropopause. Third, the variabil-

45yr for ease of comparisons with previous studies. Thesgy, of the lifetimes could be increased by interhemispheric
lifetimes are presented in Table 3 (and as graphical represen-
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Table 3.The calculated lifetimes (yr) of CFC-12, CCICH,4, CH3Cland NO using a CFC-11 lifetime of 45 yr. NHS is Northern Hemisphere
summer, NHW is Northern Hemisphere winter, SHS is Southern Hemisphere summer, SHW is Southern Hemisphere winter.

Bin CFC-12 CHCl CCly N,0 CHy
2005 NHW 107+ (—)11(9) 123+ (—)156(43) 34+ (—)4(3) - -
SHW 87+ (—)27(17) 34+ (—)170(16) 62+ (—)107(24 91+ (—)12(10) 81+ (—)27(16)
2006 NHS 121+ (—)119) — 494 (—)20(11) 1774+ (—)3022) 218+ (—)42(31)
NHW 89+ (—)15(12) 48+ (—)12(8) 24+ (-)3(2) — 196+ (—)97(49)
SHS 82+ (—)7(6) 35+ (—)7(5) 43+ (—)9(7) 153+ (—)44(28) 308+ (—)13573)
SHW 132+ (-)23(18) 123+ (—)14944) 46+ (—)4(4) 85+ (—)10(8) 157+ (—)17(14)
2007 NHS 134 (—)16(13) - 23+ (—)2(2) — 2414 (—)35(26)
NHW 132+ (—)14(12) - 41+ (—)8(6) 1804 (—)150(56) 2214 (—)72(44)
SHS 90+ (-)14(11) 65+ (-)10525 46+ (—)27(13) 118+ (—)21(16) 231+ (—)50(35)
SHW 95+ (—)8(7) 83+ (-)72(26) 35+ (—)3(3) 99+ (—)13(10) 136+ (—)19(15)
2008 NHS 96+ (—)6(6) 116+ (—)10337) 30+ (—)2(2) - -
NHW 87+(-)9(8) 72+ (—)40(19) 28+ (=)2(2) 164+ (—)24(19 202+ (—)32(22)
SHS 121+ (-)15(12 94+ (-)53(25) 32+ (-)4(3) 173+ (—-)30(22 -
SHW 121+ (—)30(20) 83+ (—)91(29) 40+ (-)3(2) 113+ (—)16(12 218+ (—)34(23)
2009 NHS 104+ (—)13(11) - 17+ (—)4(3) 208+ (—)14360) 204+ (—)57(36)
NHW - - - - -
SHS 84+ (-)29(18) - 28+ (—)8(5) 66+ (—)12(9) 89+ (—)41(2D)
SHW 1094 (—)7(7) 36+ (—)14(8) 36+ (—)9(6) 94+ (=)8(7) 222+ (—)30(21)
2010 NHS 150+ (—)11(10) - 28+ (—)3(3) 185+ (—)54(34) 159+ (—)35(24)
NHW 123+ (-)19(15 49+ (—)29(13) 28+ (—)2(2) 95+ (9)17(13 123+ (—)1L9)
SHS 96+ (—)12(10) 70+ (—)10827) 40+ (—)10(7) 120+ (—)23(17) 302+ (—)15977)
SHW  87+(—)14(11) 54+ (-)51(18 85+ (-)59(25 100+ (—)1L9) 211+ (-)43(30)

differences due to the interhemispheric asymmetry in stratoa quantity symmetric for inverse lifetime, but asymmetric for
spheric transport. However, in situ measurements show ndifetime). The various means and their uncertainties thus de-
evidence for interhemispheric asymmetry or for drastic tem-rived are shown in Table 4 for each species. It should be noted
poral variations of the correlation curves in the lower strato-that in the case of the result for the Northern Hemisphere
sphere, at least not on the seasonal scale (Molk et al., 19973ummer CHCI calculated lifetime, due to problems caused
Finally, it is possible that the statistical errors estimated fromwithin the fitting program it was only possible to produce one
each individual bin do not capture the full random error of the calculated lifetime for this bin. The mean lifetime reported
lifetime derivation. For example, the finite vertical resolution here is therefore this calculated lifetime and associated er-
of the satellite data amounts to a certain amount of verticakor. As has been noted previously, the errors quoted here are
smoothing of the trace gas profiles, which depends (throughhe statistical uncertainties of the calculated results. Whilst
the shape of the profile) on the species and on time and latithe mean lifetimes calculated from the Northern Hemisphere
tude, and could potentially affect the correlation curves. Tem-(NH in Table 4) are longer than those calculated from the
porally and spatially inhomogeneous (i.e. nhon-random) samSouthern Hemisphere (SH in Table 4) for CFC-12,3CH
pling of the data within the bins could then lead to larger and NO, they are shorter for C¢bhnd CH, and so it is hard
variability in the correlations between the bins than within to draw any solid conclusions from this fact. None of the
a given bin. Most likely, all of the above factors combine to variations between the hemispherically calculated lifetimes
create the larger-than-expected variability in the derived life-is larger than the combined errors on the lifetimes. Lifetimes
times and it is not possible to separate and quantify thesealculated using summer data are smaller than those calcu-
effects individually. However, we can analyse if the variabil- lated using winter data for CFC-12, GElI, and CC}, but
ity contains a significant seasonal signal and whether theraot for NO and CH. Variation between the seasonally cal-
culated lifetimes is in fact always smaller than the error and
Weighted mean lifetimes were calculated for each seathis also holds for each hemisphere separately. Horizontal
sonal and hemispheric combination and for all bins as avermixing in the stratosphere occurs due to breaking Rossby
age of the individuainverselifetimes (quantities with nearly  waves found during the winter in the extratropical surf zone
symmetric uncertainties as explained above), weighted usinge.g. Plumb, 2002). The implication of this is that mixing
the inverse square of their largest error. As a measure for uneccurs at a greater rate in the winter stratosphere than in
certainty, these weighted means were assigned the weighatie summer stratosphere. The mean lifetimes calculated here
standard deviation of the individual (inverse) lifetimes (again

are systematic hemispheric differences.
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Table 4. The mean lifetimes (yr) of CFC-12, C&ICH,4, CH3Cl and NO using a CFC-11 lifetime of 45yr. NHS is Northern Hemisphere
Summer, NHW is Northern Hemisphere Winter, SHS is Southern Hemisphere summer, SHW is Southern Hemisphere Winter, NH is Northern

A. T. Brown et al.: Stratospheric lifetimes of CFC-12, CCJ, CH4, CH3Cl and N2O

Hemisphere, SH is Southern Hemisphere.

CFC-12 cHCl ccly N,O CHy
NHS 123+ (—)31(21) 116+ (—)10237) 28+ (—)8(5) 182+ (—)12(10) 218+ (—)43(31)
NHW 111+ (—)25(17) 66+ (—)4519) 30+ (—)5(4) 146+ (—)65(34) 161+ (—)69(37)
SHS 97+ (—)21(15) 58+ (—)68(20) 36+ (—)7(5) 136+ (—)68(34) 253+ (—)13%66)
SHW 106+ (—)15(12)  75+(—)86(26) 42+ (—)8(6) 97+ (—)9(8) 189+ (—)62(37)
NH 119+ (=)29(19) 74+ (—)62(23) 29+ (—)6(4) 163+ (—)53(32) 188+ (—)76(42)
SH 103+ (—-)18(13)  66+(—)72(23)  41+(—)9(6) 109+ (—)34(21) 200+ (—)78(44)
Summer 116+ (—)32(21) 69+ (—)10326) 31+ (—)9(6) 153+ (—)6936) 229+ (-)67(42)
Winter 108+ (—)19(14) 70+ (—)55(221) 36+ (—)11(7) 108+ (—)31(20) 179+ (—)65(38)
Alldata 113+ (—)26(18) 69+ (—)65(23) 35+ (—)11(7) 123+ (—)53(28) 195+ (—)75(42)

suggest that this phenomenon has not significantly affectedf tropospheric Clj. The stratospheric lifetime of GI€I of
our stratospheric lifetime calculations. 69+ (—) 65 (23) yr, reported here, represents the first calcu-
In summary, systematic hemispheric or seasonal differdations of the stratospheric lifetime of GBI and CH, using
ences are not apparent in the variations in lifetime betweerdata from a space based instrument.
the individual bins, and within the given uncertainties (on  An analysis of the altitude dependent systematic errors in
the order of 20 % for CFC-12); our data are thus consistentACE-FTS retrievals has not been carried out at this time.
with the universality of the tracer correlations found by Volk However, ACE-FTS occultations have been compared to data
et al. (1997) over an interval of one year. Apparently sig- from other instruments such as the MK-IV and FIRS-2 bal-
nificant variations in the lifetimes between individual bins loon borne spectrometers (e.g. Mahieu et al., 2008). Previ-
(cf. Fig. A3) must then be explained by other factors as dis-ous validation papers for 40, CH;, CFC-11 and CFC-12
cussed above, i.e. variability of sources and/or atmospheritiave not shown significant altitude dependent errors for the
transport on interannual timescales and by errors not capaltitude range used in this study (Mahieu et al., 2008; Ve-
tured in the statistical uncertainty estimate for each individ-lazco et al., 2011). In addition to these comparisons, the pro-
ual bin. We assume here that the combination of these facfiles of CFC-11 and CFC-12 were compared to those from
tors produces the apparently random variation in lifetimesthe SLIMCAT 3-D Chemical Transform Model (Brown et
displayed in Fig. A3. As our best estimate for the lifetimes, al., 2011). The profiles used in this work showed that, whilst
we thus use the weighted mean for all bins calculated as dethere were differences in the VMR from ACE-FTS and from
scribed above, and as a conservative estimate of uncertaintgLIMCAT the overall shapes of the profiles were extremely
the weighted standard deviation of the individual bins. Notesimilar. The differences between VMRs from ACE-FTS and
that, while the relative weights are derived from the esti- other instruments (mentioned previously) can be used as a
mated statistical errors for the individual bins (which vary proxy for the systematic error, due to the fact that the full
due to differences in data quantity, making weighting a sen-systematic errors associated with ACE-FTS retrievals are not
sible choice), the overall statistical uncertainty is thus esti-known at this time. The methods described in this section
mated from the variability between the bins. (Note also thathave been repeated using ACE-FTS VMRs which have been
the averaging and weighting is performed using the inversamodified by the differences calculated in previous validation
of lifetime, for which the nearly symmetric individual errors, work. The values used to modify the VMRs wekel 0 % for
and thus weights, vary much less drastically than would ap-CFC-11 & CFC-12 from the validation work of Mahieu et
pear in Fig. A3). al. (2008). Work by Velazco et al. (2011) also showed dif-
The calculated best estimates for lifetimes of CFC-12,ferences of+10% for CH, and NvO. The results of the re-
CCly and NO — 113+ (—) 26 (18), 35+ (=) 11 (7) and  analysis using these errors were combined with the statistical
123+ (=) 53 (28) yr, respectively — are within error of the error. The final mean lifetimes were 133(—) 32 (20) for
lifetimes quoted by the WMO/IPCC: 100 (Montzka et al., CFC-12, 123+ (—) 83 (35) for NO and 195+ (—) 139
2011), 35 (Montzka et al., 2011) and 114 (Solomon et al.,(57) yr for CH;.
2007) yr. The lifetime calculated for methane, of 195—) The remaining species, GBIl and CC}, are more prob-
75 (42) yr, is significantly larger than that calculated by (Volk lematic than the other species. Previous validations of these
et al., 1997) of 93t 18 yr (also based on 45yr for CFC-11). species have shown large differences between ACE-FTS re-
However, that latter value was derived from in situ data takentrievals and the retrievals from other species. For example
within one month and the quoted uncertainty may be an uncomparisons between ACE-FTS and the MK-IV instrument
derestimate, as it does not account for the potential effect oifVelazco et al., 2011) found differences of 30 % in the VMR
the correlation slope of seasonal and interannual variationsetrievals of CHCI. The errors on ACE-FTS retrievals of
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CCly are estimated to be between 20 and 30 % (Allen et al.,Table 5. The ratio ofty /tcrc-11for CFC-12, CCJ, CHy, CHsCl
2009). The estimation of systematic errors for the £@F  and NO.
trieval is complicated by the position of the spectral feature

used to retrieve CGIVMR. There is an interfering Q branch Trace gas  Lifetime ratio to CFC-11
of COy, the line mixing of which is not properly accounted CFC-12 25+ (—)0.57(0.39)
for in the forward model. Similarly, the Q branch of GEl CHsCl 1.54+ (—)1.44(0.5)
suffers from line mixing which is not properly included in the CCly 0.77+(-)0.250.15)
N,O 274+ (-)1.18(0.63)

forward model. The effects of line mixing on both of these
retrievals are most serious in the troposphere, where the den-
sity of the atmosphere is at its greatest. In the stratosphere,
where the density of the atmosphere is lower, line mixing
becomes less of a problem within the retrieval. Quantifying
the effects of line mixing on the retrieved VMR is a research
project in and of itself. In this work we have approximated
the systematic errors to be30 % for CHClI (Velazco et al.,

CHg 4.334 (—)1.66(0.94)

Northern and Southern hemispheres for years between 2005
and 2010.

Stratospheric lifetimes were calculated using the slope of
the correlation with CFC-11 at the tropopause which had
to be corrected for changing atmospheric concentrations of

2011) and4-20 % for CCh (Allen et al., 2009). Once more, . T .

lifetimes were calculated using VMR which had been mod—(:."ac.h species. Stratospheric lifetimes were calculated using a
ified by the corresponding systematic error. The final meanctime of 45yr for CFC-11. CFC-12 and® are chemi-
lifetimes for these species were 35(—) 14 (8) yr for CCh cally inert in the troposphere and so their stratospheric life-

and 69+ (—) 2119 (34)yr for CHCI. These errors repre- times represent their atmospheric lifetimes. Calculated life-

sent the best attempt to quantify the effect of systematic er_t|mes showed no significant hemispheric or seasonal depen-

rors on the lifetimes of CGland CHCI, however, due to the dency. This suggested that for relative lifetime calculations

reasons outlined previously these errors may be different t%‘iﬁh&eﬁi’pf}\e’g‘?Sarreea'l?jeg;'cvihjz;o‘(’g:ot‘;;tg?dg‘:agf azt0|(03/a5t
those quoted here. g p 0,

Recent model simulations have suggested CFC-11 Iife_forCFC-lZ). Individual lifetimes calculated for GBI, NoO

times of between 56 and 64 yr (Douglass et al., 2008) dif'fer-and Ch displ_ayed alarge spreaql of values (about 48, _30_5?”0'
ing from the older value of 45 yr which was uséd in thé 2010 28% respeciively), presumably in part caused by variability
WMO report (Montzka et al.. 2011). Changes to the life- of their tropospheric sources affecting the flux into the strato-

time of CFC-11 would naturally have an effect on the strato-SpC\?er%'hted means were calculated by weighting the indi-
spherlc'ln‘etlm(.e of atmospheric species as calculated USIng\’/idual (inverse) lifetimes by the reciprocal of the square of
correlations with CFC-11. For example using the range of , " :
e e their error. These calculations produced values of £13-)

CFC-11 lifetimes noted above produces a lifetime for CFC-

- ) . 26 (18)yr (CFC-12), 35+ (—) 11 (7) yr (CCh), 195+ (—)
12 which lies between 140 and 163 yr. The ratios of the life-
times of CFC-12, CGlL CHa, CHsCl and NoO to CFC-11are /2. (42)¥r (CHy), 69+ (—) 65 (23) yr (CHCI) and 123+
shown in Table 5 (with their statistical uncertainties). TheseggI Szm(gs,zﬁg (al\rbeo\)/vn-rTr? gr?g:rugt(tegelI{i(:g{rrr?zso;&:eco]l@

. . . . _ _ 4

values can be multiplied by the lifetime of CFC-11 to caleu- . -y vi6/pec: 100 (Montzka et al., 2011), 35 (Montzka
late the stratospheric lifetime of the species of interest. If the

lifetime of CFC-11 is constrained further these ratios can beet al., 2011) and 114 (Solomon et al., 2007) yr. The lifetime

e calculated for methane, of 195 (—) 75 (42) yr, is signif-
used to calculate new stratospheric lifetimes. icantly larger than that calculated by Volk et al. (1997) of
93+ 18yr. The altitude dependent systematic errors in ACE-
FTS retrievals are not currently known. An attempt has been
made to estimate the effect of systematic errors on the cal-
This paper presents calculations for the stratospheric Iife—CUI.ated ifetimes. Ln‘g_tlmes were re_calculated using VMRS
times of CFC-12, CGl CHs, CHsCl and NbO. The calcula- which had been modified to reflect differences between ACE-

tions were carried out using measurements made by the atf TS retrieved VMRs and those from other instruments. The

: : : . mean lifetimes were unaffected by these calculations, which
mospheric Chemistry Experiment Fourier Transform Spec'affected the error ranges of these calculations. The results of
trometer (ACE-FTS). The aim of this project was not only 9 :

to calculate the stratospheric lifetimes of the species in quest—hese calculations were as follows: 133(—) 32 (20) for

tion but also to test the assumptions which are intrinsic toCFC'lZ’ 123+ (—) 83 (35) for N.O, 195+ () 139 (57) for

these calculations. These assumptions are that there shoug{::“’c:?sﬁ](_lgfl:ilrgg) for (I:Clh ‘::m(;j iigt—rﬂ(_v)vzrlklgr@f) Iy rtif\(/)r ¢

be negligible hemispheric dependence in the calculated life=" 3. € liietimes calculate this work are refative 1o
. the lifetime of CFC-11 (45 yr), thus if the lifetime of CFC-11
times and that there should be no seasonal dependence cI:rr]1an os 5o will the lifetime of these species
the calculated lifetimes. To do this the data was divided into®"2"'9¢S SO Wil the firetl pecies.

24 bins representing stratospheric summer and winter in the

5 Conclusions
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Appendix A

Table Al. The slopes of the correlations of CFC-12, ¢QCH,4, CH3Cl and NbO with CFC-11, extrapolated to the tropopause. NHS is
Northern Hemisphere summer, NHW is Northern Hemisphere winter, SHS is Southern Hemisphere summer, SHW is Southern Hemisphere
winter. Data with errors greater than the correlations have been removed.

Bin CFC-12 CHCI CCly N,O CHy

2005 NHW (096+0.08 121+0.37 06=+0.07 - -

SHW 1194029 316+224 031+0.22 71681+ 75.47 44031+ 108064

2006 NHS  082+0.06 - 041+013 3863+47.25 160902+ 25751

NHW  1.144+0.17 191+0.37 089+0.1 - 179421+ 59976

SHS 125+0.1 268+043 047+0.09 44196+8948 113028+ 34886

SHW 075+0.12 068+0.39 044+0.03 76416+66.93 224074+1931

2007 NHS (073+0.08 - 091+0.07 —  163125+15493

NHW  0.724+0.07 — 048+0.08 38417+15875 176892+ 38562

SHS 11+0.16 171+£0.93 042+0.18 56832+ 76.45 16947 4+ 25545

SHW 104+0.08 138+0.52 057+0.05 66852+6326 277514+ 28866

2008 NHS 102+0.06 108+0.38 067+0.05 - -

NHW 1.14+0.11 16+047 071+0.04 42558+ 43.92 218086+ 17134

SHS Q794+0.09 129+0.36 061+0.06 40589+ 48.77 -

SHW 0784+0.17 143+0.61 048+0.03 59992+ 61.47 204966+ 14578

2009 NHS 092+0.11 — 124+0.26 34299+ 12216 213997+ 35111

NHW - - - - -

SHS 117+ 0.34 — Q72+£018 99212+14453 4408874125371

SHW 087+0.05 272+0.75 054+0.12 71083+43.07 199724+ 11175

2010 NHS 061+0.04 — 0Q071+£0.08 38697+7489 256637+ 387.05

NHW 0.76+0.11 195+0.76 0724+0.04 7167249831 324425+ 15755

SHS 101+0.12 134+0.87 047+0.11 57271+81.13 148576+ 39657

SHW 1144017 177+092 018+0.1 6805+5537 200368+ 25647

Table A2. The mean volume mixing ratio at the tropopausg) (

CFC-11 CFC-12 CHCI CCly N,O CH
2005 24524+3.14 51563+4.88 5756+9.86 10633+3.14 3153+2 17475+334
2006 240+3 51254+7.82 5864+2778 10683+7.34 3157+25 17558+36.2
2007 23823+1.72 51097+4.19 61236+2576  10659+7.8 3165+0.7 17626+34.9
2008 23784+3.03 50952+5.94 57152+39.13 10451+6.89 3174+2 17655+ 36.1
2009 235544454 51017+7.25 59621+1175 10545+9.15 3177+22 1770+ 26.2
2010 232+2.72 50336+6.83 57245+2335 10129+7.47 3173+4.4 17705+382
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Table A3. The corrected slopes of the correlations of CFC-12,,CCH4, CH3Cl and N,O with CFC-11, extrapolated to the tropopause.
NHS is Northern Hemisphere summer, NHW is Northern Hemisphere winter, SHS is Southern Hemisphere summer, SHW is Southern

Hemisphere winter.

Bin CFC-12 CHCI cCly
2005 NHW 093+ (—)0.08(0.08) 0.74+ (—)0.4(0.41)  0.59+ (—)0.06(0.06)
SHW 115+ (—)0.27(0.27) 2634 (—)2182.19  0.32+(—)0.2(0.2)
2006 NHS 082+ (—)0.06(0.06) — 041+ (—)0.12(0.12)
NHW 1.11+ (—)0.16(0.16) 1.86+ (—)0.37(0.37)  0.85+ (—)0.09(0.09)
SHS 121+ (—)0.09(0.09) 256+ (—)0.42(0.42)  0.47+ (—)0.08(0.08)
SHW 075+ (—)0.11(0.11) 0.73+(—)0.4(0.4)  0.44+ (—)0.03(0.03)
2007 NHS 076+ (—)0.08(0.08) — 087+ (—)0.07(0.07)
NHW 0.75+ (—)0.07(0.07) — 048+ (—)0.08(0.08)
SHS 11+ (—)0.14(0.14) 143+ (—)0.88(0.88)  0.43+ (—)0.16(0.16)
SHW 104+ (—)0.08(0.08) 1114 (—)0.51(0.52)  0.57+ (—)0.05(0.05)
2008 NHS 104+ (—)0.05(0.05) 0.81+4 (—)0.37(0.38)  0.67+ (—)0.04(0.04)
NHW 1.15+ (—)0.1(0.1) 1.3+ (—)0.450.46) 0.7+ (—)0.03(0.03)
SHS 083+ (—)0.09(0.09) 1+ (—)0.35(0.36)  0.61+ (—)0.06(0.06)
SHW 082+ (—)0.16(0.16) 113+ (—)0.590.59)  0.49+ (—)0.02(0.02)
2009 NHS 097+ (—)0.1(0.1) — 119+ (-)0.23(0.23)
NHW - - -
SHS 12+ (—)0.31(0.31) - 072+ (-)0.17(0.17)
SHW 092+ (—)0.04(0.05) 2584 (—)0.710.71)  0.56+4 (—)0.11(0.11)
2010 NHS 067+ (—)0.04(0.04) — 071+ (=)0.07(0.07)
NHW 0.82+ (—)0.11(0.11) 1.924 (—)0.720.71)  0.72+ (—)0.04(0.04)
SHS 105+ (—)0.11(0.11) 1.35+ (—)0.82(0.82) 0.5+ (—)0.1(0.1)
SHW 117+ (—)0.16(0.16) 1.75+(—)0.86(0.86)  0.23+ (—)0.1(0.1)
Bin N,O CHy
2005 NHW - -
SHW 6417+ (—)725(746) 4093+ (—)10083(10111)
2006 NHS 330F (-)455(47.2) 151454 (—)2412(2425)
NHW - 16858+ (—)5563(5569)
SHS 3818+ (—)84.3(853) 10717+ (—)3244(3248)
SHW 68174 (—)651(67.9) 20989+ (—)1845(187.9)
2007 NHS - 1383+ (—)1591(1681)
NHW 32754 (—)1485(149 15136+ (—)3656(369.9)
SHS 4992+ (—)729(74.6) 14445+ (—)247.3(2535)
SHW 5926+ (—)614(639) 24504+ (—)2813(2912)
2008 NHS - -
NHW 3617+ (—)433(457) 16743+ (—)1932(2225)
SHS 3432 + (—)47.6(49.6) -
SHW 5252+ (—)60(625) 15505+ (—)1723(2034)
2009 NHS 287 (-)1161(1168) 16716+ (—)3484(3636)
NHW - -
SHS 9012+ (—)1385(1403) 38284+ (—)11993(12075)
SHW 635+ (—)44.2(47.9) 15359+ (—)1443(1768)
2010 NHS 3281+ (-)72(733) 21662+ (—)3785(389.8)
NHW 6406+ (—)94.8(96.6) 28095+ (—)1804(2082)
SHS 5041+ (—)783(80.1) 11406+ (—)3842(3917)
SHW 6063+ (—)551(58) 16321+ (—)257.4(2709)
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Table A4. Mean atmospheric volume mixing ratié ).

CFC-11 CFC-12 CHCI cCly N,O CHy

2005 23031+5.74 50814+1375 46323+1283 10328+2.67 299+ 8.0 1689+44.9
2006 23027+6.22 50564+1367  45831+3.64 10356+2.87 2981+8.0 168964449
2007 22795+6.20 5026 +£13.63 46897+1308 10025+2.77 2979+7.9 16907+44.8
2008 22561+6.07 500154+1351 47097+1315 992+272 2969+7.9 169584450
2009 2226+6.04 49768+1348 45611+1273 9848+2.73 2955+79 16834+447
2010 22103+6.00 49596+1339 46215+1277 9752+2.67 2981+7.9 169441448
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Fig. Al. A graphical representation of the slopes of the various correlations with CFC-11. The data is presented in the same order as it
appears in Table Al.
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Fig. A2. A graphical representation of the corrected slopes of the various correlations with CFC-11. The data is presented in the same order
as it appears in Table A3.
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Fig. A3. A graphical representation of the lifetimes of CFC-12, £CH3Cl, NoO and CH, calculated using a CFC-11 of 50 yr. The data is

presented in the same order as it appears in the main paper.
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Appendix B

Correlation plots: in this section the correlation plots used in this work are shown. Species where the fit to the data failed are not
included in these plots
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Fig. B1. Correlations between the volume mixing ratios of CFC-12, CH4, and NbO and CFC-11 for the data from the Northern
Hemisphere during the stratospheric summer of 2006. Left panels: the mean correlation profile. Each point represents the mean of the VMR
in a window of 2 ppt of CFC-11. The error on these points is the standard deviation of the data within each 2 ppt window. Right panels: the
local slope of data in an 80 ppt of CFC-11 window. The error on the points is the fitting error of this fit. The blue line is a second degree
polynomial fit to the local slopes. The green point is the extrapolated slope at the tropopause.
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Fig. B2. Correlations between the volume mixing ratios of CFC-12,@hd CH; and CFC-11 for the data from the Northern Hemisphere
during the stratospheric summer of 2007. Panel descriptions as in Fig. B1.
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Fig. B3.Correlations between the volume mixing ratios of CFC-12,éhd CHCl and CFC-11 for the data from the Northern Hemisphere
during the stratospheric summer of 2008. Panel descriptions as in Fig. B1.
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Fig. B4. Correlations between the volume mixing ratios of CFC-12, {£ClHy and NbO and CFC-11 for the data from the Northern
Hemisphere during the stratospheric summer of 2009. Panel descriptions as in Fig. B1.
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Hemisphere during the stratospheric summer of 2010. Panel descriptions as in Fig. B1.
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Fig. B8. Correlations between the volume mixing ratios of CFC-12, {£ClH; and NbO and CFC-11 for the data from the Northern
Hemisphere during the stratospheric winter of 2007. Panel descriptions as in Fig. B1.
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Fig. B10.Correlations between the volume mixing ratios of CFC-12,42CHy, CH3Cl and N,O and CFC-11 for the data from the Northern
Hemisphere during the stratospheric winter of 2010. Panel descriptions as in Fig. B1.
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Fig. B11.Correlations between the volume mixing ratios of CFC-12,/2CHy, CH3Cl and N,O and CFC-11 for the data from the Southern
Hemisphere during the stratospheric summer of 2006. Panel descriptions as in Fig. B1.

www.atmos-chem-phys.net/13/6921/2013/ Atmos. Chem. Phys., 13, 68864 2013



6940 A. T. Brown et al.: Stratospheric lifetimes of CFC-12, CCJ, CH4, CH3Cl and N2O

« 550 .
& 500 reaesrortet e o g%
« 450 B S 15 s 3
T 400 ‘.w‘” S 10 £ - k3
5 300 jmeeee " ” 83 !
300460 120 140 160 180 200 220 240 0300 120 140 160 180 200 220 240
CFC-11/ppt CFC-11/ppt
100 — 39
3 & - o 28
£ e S 18
~ P pe 0T E o
9 g *3 gipﬁg « :% P 3
O dpre i G0 an
100 120 140 160 180 200 220 240 00 120 140 160 180 200 220 240
CFC-11/ppt CFC-11/ppt
. 600 - 15
g 500 Psg{’ii"“ﬁk - g 81
S, 400 3 G & JiE e .y =
T 300 [aesee g 20 ® 5 1
2005 120 140 160 180 200 220 240 "G00 120 140 160 180 200 220 240
CFC-11/ppt CFC-11/ppt
2
e}
g 280 e e g 15
09 Q
S5 260 PRSSNC t g10 i
2 530 fammee s R B -
28 10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0810 042 014 016 018 020 022 024
CFC-11/ppb CFC-11/ppb
1700 10
g
£ 1600 Ma*‘“ o 8
a 6
=, 1500 PR e S 4
Tt B » P =
S 1400 | Fow wee 2 s Baas et S S
1308 10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 810 012 014 016 018 020 022 024
CFC-11/ppb CFC-11/ppb

Fig. B12.Correlations between the volume mixing ratios of CFC-12,/ZCHy, CH3Cl and N,O and CFC-11 for the data from the Southern
Hemisphere during the stratospheric summer of 2007. Panel descriptions as in Fig. B1.
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Fig. B13. Correlations between the volume mixing ratios of CFC-12,CH3Cl and NO and CFC-11 for the data from the Southern
Hemisphere during the stratospheric summer of 2008. Panel descriptions as in Fig. B1.
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Fig. B14. Correlations between the volume mixing ratios of CFC-12,ZCH, and NbO and CFC-11 for the data from the Southern
Hemisphere during the stratospheric summer of 2009. Panel descriptions as in Fig. B1.
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Fig. B15.Correlations between the volume mixing ratios of CFC-12,/2CH,, CH3Cl and NO and CFC-11 for the data from the Southern
Hemisphere during the stratospheric summer of 2010. Panel descriptions as in Fig. B1.
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Fig. B16.Correlations between the volume mixing ratios of CFC-12,/CH4, CH3Cl and NbO and CFC-11 for the data from the Southern
Hemisphere during the stratospheric winter of 2005. Panel descriptions as in Fig. B1.
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Fig. B18.Correlations between the volume mixing ratios of CFC-12,/2CH,, CH3Cl and N,O and CFC-11 for the data from the Southern
Hemisphere during the stratospheric winter of 2007. Panel descriptions as in Fig. B1.
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Fig. B19.Correlations between the volume mixing ratios of CFC-12,/CH,4, CH3Cl and NbO and CFC-11 for the data from the Southern
Hemisphere during the stratospheric winter of 2008. Panel descriptions as in Fig. B1.
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Fig. B20.Correlations between the volume mixing ratios of CFC-12,42CH,, CH3Cl and N,O and CFC-11 for the data from the Southern
Hemisphere during the stratospheric winter of 2009. Panel descriptions as in Fig. B1.
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Fig. B21.Correlations between the volume mixing ratios of CFC-12,42CH,, CH3Cl and N,O and CFC-11 for the data from the Southern
Hemisphere during the stratospheric winter of 2010. Panel descriptions as in Fig. B1.
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Appendix C

The mean vertical profiles of the species used in this study
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