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Abstract

Estimates of the recovery time of stratospheric ozone heavily rely on the exact knowl-
edge of the processes that lead to the decomposition of the relevant halogenated
source gases. Crucial parameters in this context are Fractional Release Factors
(FRFs) as well as stratospheric lifetimes and Ozone Depletion Potentials (ODPs).
We here present data from the analysis of air samples collected between 2009 and
2011 on board research aircraft flying in the mid- and high latitudinal stratosphere
and infer the above-mentioned parameters for ten major source gases: CFCl; (CFC-
11), CF,Cl, (CFC-12), CF,CICFCl, (CFC-113), CCl, (carbon tetrachloride), CH;CCl,
(methyl chloroform), CHF,CI (HCFC-22), CH;CFCl, (HCFC-141b), CH3;CF,Cl (HCFC-
142b), CF,CIBr (H-1211), and CF;Br (H-1301). The inferred correlations of their FRFs
with mean ages of air reveal less decomposition as compared to previous studies for
most compounds. When using the calculated set of FRFs to infer equivalent strato-
spheric chlorine we find a reduction of more than 20 % as compared to the values
inferred in the most recent Scientific Assessment of Ozone Depletion by the World
Meteorological Organisation (WMO, 2011). We also note that FRFs and their correla-
tions with mean age are not generally time-independent as often assumed. The strato-
spheric lifetimes were calculated relative to that of CFC-11. Within our uncertainties the
inferred ratios between lifetimes agree with those between stratospheric lifetimes from
recent WMO reports except for CFC-11, CFC-12 and CH3CCl3. Finally we calculate
lower ODPs than WMO for six out of ten compounds with changes most pronounced
for the three HCFCs. Collectively these newly calculated values may have important
implications for the severity and recovery time of stratospheric ozone loss.

1 Introduction

Large-scale ozone depletion in the stratosphere is still occurring on an annual basis
in the higher latitudes of both hemispheres with full recovery being projected around
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the middle of this century (WMO, 2011). A number of mainly man-made chorine- and
bromine-containing trace gases have long been identified to be largely responsible for
this phenomenon (WMO, 1990). The effects of these Ozone Depleting Substances
(ODSs) are often quantified via their respective Fractional Release Factors (FRFs).
These were first defined by Solomon and Albritton, 1992 as “the fraction of the halo-
carbon species x injected into the stratosphere that has been dissociated”. Knowledge
of these measures is of major importance for the quantification of the ability of ODSs
to destroy ozone with larger FRFs resulting in more ozone being destroyed. Earlier
studies have derived FRFs relative to that of CFC-11 (Solomon et al., 1992; Daniel
et al., 1995; Schaulffler et al., 1999, 2003) whereas more recent studies focused on
FRF-mean-age correlations (Newman et al., 2006, 2007; Laube et al., 2010a).

The stratospheric lifetimes of these ODSs are equally important in this context as the
recovery time of the ozone layer will depend on these quantities. This is especially true
in the case of the chlorofluorocarbons, where the stratospheric lifetimes are equivalent
to the overall atmospheric lifetimes. One of the most important observation-based study
of stratospheric lifetimes is that of Volk et al. (1997) who used and further developed
the theoretical framework of Plumb and Ko (1992) and Plumb (1996) to infer steady-
state lifetimes of six important ozone-depleting halocarbons: CFCI; (CFC-11), CF,Cl,
(CFC-12), CF,CICFCI, (CFC-113), CCl, (carbon tetrachloride), CH;CCl; (methyl chlo-
roform), and CF,CIBr (H-1211). For this purpose they utilised the compact correlations
that long-lived trace gases form with each other and also with the mean ages of air
(i.e. the mean stratospheric transit times). We here use a similar method and measure-
ments on air samples collected in the mid- and high latitudinal stratosphere to evaluate
the stratospheric lifetimes of ten important ODSs: CFC-11, CFC-12, CFC-113, CCly,
CH3CCl;, CHF,CI (HCFC-22), CH;CFCl, (HCFC-141b), CH3;CF,CIl (HCFC-142b), H-
1211, and CF;Br (H-1301). Moreover the calculation of the FRFs and their relation to
mean-ages of air enables us to derive observation-based semi-empirical Ozone De-
pletion Potentials (ODPs) for these compounds.
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2 Sample collection, measurements and data analysis

The air samples were collected using whole-air-samplers operated on board the M55
Geophysica high altitude aircraft (see Kaiser et al., 2006; Laube et al., 2010a, for details
on the sampling systems and Cairo et al., 2010, for a description of a typical Geophys-
ica campaign and payload). Two Geophysica flights departed from Oberpfaffenhofen,
Germany on 30 October and 4 November 2009 (covered altitude, latitude and longi-
tude ranges: 10—20 km, 48-54°N, 7—-12°E) and nine from Kiruna, Sweden between
20 January and 2 February 2010, and on 11 and 16 December 2011 (9-19km, 62—
77°N, 1°W-29° E, RECONCILE and ESSENCE campaigns). The samples were then
analysed via gas chromatography with mass spectrometric detection (GC-MS): 138
samples at the University of East Anglia (UEA, see Laube et al., 2010b, for analysis
details) and 72 at the University of Frankfurt (UFra). All samples analysed in Frank-
furt were measured using a system similar to the one at UEA except that the detector
is a quadrupole mass spectrometer (Agilent 5975 MSD). Further to the compounds
mentioned above we used measurements of SF4 to infer stratospheric mean ages of
air.

All data underwent a thorough quality check as is explained in the following. Some
of the measurements carried out at UFra showed significantly worse analytical preci-
sion than the UEA measurements. These data were excluded based on the following
procedure: first we calculated the average 2 o precision (in %) of all samples analysed
at UEA. In order to represent the range of precisions observed at UEA we then derived
the 2 o standard deviation of this average precision. UFra measurements with relative
precisions larger than this range were excluded (CFC-11: 6 samples, CFC-113: 13,
HCFC-141b: 13, H-1301: all, H1211: 35, CH;CCl5: 26) In addition, most samples from
the 2010 and 2011 campaigns were contaminated with several parts per trillion (ppt) of
HCFC-142b and were consequently excluded. For CCl, we excluded the 2010 data as
these samples were analysed several months after collection and CCl, is not stable in
the stainless steel canisters over such extended periods (see also Laube et al., 2008).
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Finally, SFg data from all UFra samples and also from the 2011 Geophysica campaign
(the latter was analysed exclusively at UEA) could not be used for the calculation of
mean ages of air due to limited instrument precisions at the time.

Table 1 shows the calibration scales used and the average measurement precisions
of the remaining data set. Also displayed is a comparison of mixing ratios observed
close to the tropopause with Northern Hemispheric (NH) monthly mean mixing ratios
as reported by the ground-based NOAA-ESRL network. The latter were obtained from
http://www.esrl.noaa.gov/gmd/ (see Montzka et al., 1999; Hall et al., 2011, for details;
GCMS data from flasks were used except for SFg, CFC-11 and CFC-12, where com-
bined data were available, and CCl, where in situ data were preferred for the above
mentioned reasons) with the exception of H-1301 were no long-term global trend was
available at the time. Thus the H-1301 time series was obtained from archived samples
collected at Cape Grim, Tasmania (41°S, 145° E, Newland et al., 2012). This time se-
ries was shifted by one year to account for interhemispheric transport times (Levin and
Hesshaimer, 1996) and showed very good agreement with the H-1301 mixing ratios
observed close to the tropopause in this study.

To ensure comparability of our data set with NOAA data we also compared long-
term time trends as observed by both laboratories at the ground-based station at
Cape Grim. Agreement within measurement uncertainties was observed for eight com-
pounds. However, we found small but consistent offsets for three compounds: CFC-113
(+2 %, UEA-NOAA), HCFC-142b (-2 %) and CH5CCl3 (+4 %) (see Supplement). After
correcting for these offsets the NOAA NH mixing ratios agreed with the upper tropo-
spheric values within 3 % for all substances except HCFC-22, HCFC-142b in Novem-
ber 2009, and CH;CCl; in November 2009 and January 2010. For the two HCFCs
we found differences to NOAA of 3.7 % and 5.1 % respectively. For HCFC-142b we
only have reliable data for November 2009 (see above) but in the case of HCFC-22
the observed difference is much smaller in January 2010 suggesting that atmospheric
variability may have been the underlying cause. CH3;CCl; shows differences of —5.4
and —4.2 %. It is however the shortest-lived of the compounds reported here and has
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dominant tropospheric sinks which could explain these differences between ground-
based stations and the upper troposphere. Nevertheless we consider the maximum
difference as an additional uncertainty for the calculation of the stratospheric lifetimes
of CH;CCl; and HCFC-142b (Sect. 4.2). The 2011 data set could not be compared as
the lowest altitude samples from these flights were collected deeper in the stratosphere
and already showed significant decomposition.

Finally we compared our SFg and CFC-11 mixing ratios during the seven 2010 Geo-
physica flights with in situ GC-ECD measurements obtained by the High Altitude Gas
Analyzer (HAGAR; see Werner et al., 2010 for details) with average 1 o precisions of
1.3 % for SFg and 1.9 % for CFC-11. Both data sets from the Geophysica flights are re-
ported on the same NOAA calibration scales and showed very good agreement within
their 1 0 measurement uncertainties.

3 Methodology
3.1 Fractional release and mean age of air

Fractional release factors were calculated using the method described in Laube
et al. (2010a) which is comparable to the one used in Schauffler et al. (2003) and
Newman et al. (2006). To correct for the underlying tropospheric trend we firstly infer
the mean ages of air which can be described as average stratospheric transit times.
Similar to a variety of other studies (e.g. Harnisch et al., 1996; Volk et al., 1997; En-
gel et al., 2009; Bonisch et al., 2009) we use measurements of SFg for this purpose.
For those flights with insufficient SFg precision (see above) we used the 2010 high-
latitudinal correlation between SFg; and CFC-12 mixing ratios (y) to infer mean ages
(M) via Eq. (1).

[ =9.78-0.0287 ycrc_1o +6.884 x 107°- (;(CFC_12)2 -9.19923x1078. (;(CFC_12)3 (1)
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This methodology is similar to the one in Laube et al. (2010a). The validity range of this
polynomial is limited to the ranges observed i.e. mean ages from 0 to 5.4 yr and CFC-
12 mixing ratios from 540 to 235 ppt. For 23 samples we inferred mean ages above
5.4 yr and consequentially these were excluded from further analysis.

We then calculated the mixing ratios that were present in the individual air parcel
when it entered the stratosphere using the mean ages I' and a parameterisation of its
relation to the squared width of the age spectrum A? (A2/I' =N\ =0.7asin Engel etal,
2002). Laube et al. (2010a) tested the sensitivity of this parameterisation with different
ratios and found the corresponding changes to have little influence on fractional re-
lease. By relating these mixing ratios to the amount actually observed in the samples
via Eq. (2) (adapted from Solomon and Albritton, 1992) we infer Fractional Release
Factors (FRFs).

Xi -xi(x,y,z,t)
FRF,(x,y,z,1) =~ 7/ @)

Xi,entry

XYi(x,y,z,t) — mixing ratio of a long-lived trace gas / at stratospheric location (x,y,Zz)
and time (f).
Xientry — @verage mixing ratio of / when the air parcel entered the stratosphere.

3.2 Stratospheric lifetimes

Volk et al. (1997) used the slope of correlations at the extratropical tropopause to derive
stratospheric steady-state lifetimes via two different methods. We here use the relative
method which is based on the knowledge of the lifetime of one tracer. According to Volk
et al. (1997) and using CFC-11 as the reference tracer the stratospheric lifetime 7 of
a tracer / can then be obtained from Eq. (3).
T S
CFC-11" Goroyy
ti= do; (3)
docrc_11 TP
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0 — average atmospheric mixing ratio in steady state.

do; . . . . .
Wocln T slope of the mixing ratio correlation at the extratropical tropopause in

steady state.

The ratio of the stratospheric lifetimes is thus dependent on the atmospheric average
mixing ratios and the slope at the extratropical tropopause of the correlation of the two
tracers, and these quantities need to be evaluated in steady state. The steady-state
atmospheric average mixing ratios may be derived with little error from observed (non-
steady) mixing ratios (;) as they are dominated by the troposphere, which is well-mixed
(and thus close to steady state) for the long-lived species considered here. However,
observed slopes at the tropopause are heavily influenced by transience due to tropo-
spheric growth or decline. We here use the method of Volk et al. (1997) (cf. Eq. 25 in
that study) that relates the observed transient gradient of a tracer with respect to mean
age at the tropopause (dy/drI') to the respective gradient do/dI" corresponding to
a steady state situation with the same tropopause mixing ratio as observed:

ax;
do; _ T)F *Yo,i " Oo,i
dr — 1-2-yy,-A

(4)

o — steady-state mixing ratio (index 0 = at the tropopause).
Yo — effective linear tropospheric growth rate in yr‘1 (cf. Volk et al., 1997, Eq. A13).

In order to minimise uncertainties resulting from the gradients of tracers against
mean age, we substitute d x;/dT with (d x;/d Ycrc—-11)(d Xcrc—11/dT) in Eq. (4) instead
of deriving gradients with respect to age (and subsequently correction factors) for each
species as done in Volk et al. (1997). This leaves only the slope of CFC-11 against
mean age to be determined in addition to the slopes relative to CFC-11. CFC-11 is
one of the shorter-lived tracers considered here thus giving a comparably large (and
thus well-constrained) slope against mean age. Moreover, CFC-11 has one of the best
precisions and the lowest number of excluded samples resulting in the most reliable
data set.
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The steady state slope relative to CFC-11 at the tropopause required in Eq. (3) is
then readily obtained by using Eq. (4) for a tracer and for CFC-11:

) dy,  dXcrc-11
do; 951/ _ Ttoroni ar T Y0it%i  1-2-Yycrcoq1-A

do, - do, "~ dicre-11 1-2.yy; N\
CFC-11 CFC-11/gr  —5F + Yo,cFc-11 Oo,CFC-11 Yo,

(5)

We calculate the effective linear growth rates y, as in Volk et al. (1997) by approximat-
ing the tropospheric trend of the last 5yr as obtained from NOAA-ESRL (see Sect. 2)
with a quadratic polynomial. A is again a parameterisation of the width of the age spec-
trum and we here use three different values (0.7, 1.25 and 1.75) to assess the resulting
lifetime uncertainties.

We derive a slope against mean age of (-20.6 + 4.6) pptyr'1 for CFC-11 at a mean
age of 0 which is equivalent to the chemical tropopause at CFC-11 =241.0 ppt. Note
that tropospheric mixing ratios of CFC-11 have declined from the 270 ppt used in the
study of Volk et al. (1997) which we also take into account in Egs. (3) to (5). In other
respects our method is similar to that of Volk et al. (1997). Slopes along the CFC-11-
age relation are measured by fitting linear regression lines over moving 2 yr mean age
intervals using a bivariate error-weighted fit (Cantrell, 2008) to account for uncertainties
in both axes. We then plot these slopes against the average mean age (see Fig. 1)
and fit a regression line from 0.7 to 2.5yr that is extrapolated to derive the slope at
the tropopause. We exclude data that could be influenced by the polar vortex (i.e.
samples from the 2010 high-latitudinal campaign with CFC-11 mixing ratios < 140 ppt
which is equivalent to vortex data at a potential temperature of ~ 380K) and choose
a smaller age range as compared to Volk et al. (1997) (0.8 to 3.5yr) as we observe
higher variability of the slopes at larger mean ages. The uncertainty of the tropopause
slope value is estimated using the bootstrap technique in the same way as described
in Volk et al. (1997).

Using —20.6 pptyr'1 as the slope of CFC-11 against mean age at the tropopause and
the above mentioned substitutions yields Eq. (6) for the derivation of lifetimes relative
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to that of CFC-11.

=1 6; —206+Yocrc-11-Oocrc-11  1-2-¥g; -/ )
' = ToFC-11" = : :
i Ocrc-11  -20.6- dlg:ci — +V0, 0o, 1-2-Yocro_11- A

We calculate average atmospheric mixing ratios for January 2010 again using NOAA-
ESRL data (i.e. global means) for the troposphere. For the stratosphere we fit average
profiles of mixing ratio versus pressure to a data set including all Geophysica sam-
ples and in addition 44 samples collected on board stratospheric balloons launched by
the French Space Agency CNES (Centre National d’Etudes Spatiales). Two of these
balloon flights were launched from Kiruna in March 2009 and April 2011, while two oth-
ers collected samples in the tropical stratosphere above Teresina, Brazil (5°S, 42° W)
in June 2005 (see Laube et al., 2010a, for the latter, overall balloon altitude range:
10-34 km). To account for differences in tropopause altitudes we subdivide the strato-
sphere into area-weighted high (70-90°), mid (25-70°) and tropical (25° N-25° S) lat-
itude bins. We estimate the uncertainties of these profiles by varying the boundaries
between the three regions by +5°. To simulate the variability of the pressure tropopause
the profiles were shifted by £20 % above 400 hPa. The respective uncertainties in av-
erage atmospheric mixing ratios were less than 2.1 % in all cases. All average mixing
ratios and effective linear growth rates can be found in the Supplement.

The most crucial observational quantity in Eq. (6), accounting for the major part of
the uncertainty of the lifetime result, is the slope of mixing ratio versus CFC-11 at
the tropopause. Our derivation of these slopes and their uncertainties follows again the
methods laid out in Volk et al. (1997). A detailed description of the methodology, figures,
and the derived slopes are also given in the Supplement. The estimated uncertainties
of the derived slopes at the tropopause vary between about 5% and 33 %, depending
on the amount of available samples, their precision, and the scatter and the curvature
of the correlation with CFC-11.
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4 Results and discussion
4.1 Fractional release and mean age of air

Long-lived trace gases form compact inter-correlations in the stratosphere, but these
change over time if the respective tropospheric abundances change. This is illustrated
in Fig. 2 for the correlations of CFC-12 and CH3;CCl; with CFC-11 as obtained from
the three Geophysica campaigns. Firstly it is notable from this figure that there is very
good agreement between the different laboratories (at UEA and UFra) which has been
observed for all compounds reported here. Secondly in the case of CFC-12 and CFC-
11 tropospheric changes have been minor in recent years. Thus the correlations from
the three campaigns are very similar. In the case of CH3;CCl; there is a distinct differ-
ence between the first two campaigns which took place in November 2009 and Jan-
uary 2010, and the third campaign almost two years later. Tropospheric abundances of
CH3CCl; have decreased considerably over this period (WMO, 2011) which is reflected
in this correlation. For CH;CCl5 the discrepancy between the two correlations is also
decreasing with increasing decomposition.

Also shown in Fig. 2 is a “trend-corrected” correlation of CFC-11 and CH;CCl; which
is calculated by multiplying the FRFs with the mixing ratio observed at the tropopause
(here: January 2010). Although this first order correction is not expected to yield a cor-
relation representative of a steady state, the differences between the data sets diminish
demonstrating the potential influence of trend changes but also the quality of the ap-
plied correction.

Figure 3 shows the FRF correlation with mean age for CFC-11 and CFC-113 in
comparison to the polynomial relationships inferred by Newman et al. (2006) from high-
latitudinal data and Laube et al. (2010a) from tropical and extra-tropical samples. As
expected for compounds with photolysis as the major sink, CFC-11 and CFC-113 are
decomposing fastest in the tropical stratosphere where the highest actinic fluxes oc-
cur. When comparing different latitudes we find similarly to Schauffler et al. (1999) that
fractional release is lowest in the mid-latitudinal stratosphere. This can be understood
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in terms of the seasonal development of the winter/spring polar correlations. Isolation
of the polar vortex in association with differential descent and horizontal mixing leads
to the formation of separate polar correlations on the concave side of the climatologic
mid-latitudinal correlation curves over the course of the winter (Plumb, 2007). For most
species considered here, this tends to decrease mixing ratios at a given age surface
in the lower stratosphere, and thus increase fractional release. Correlations of the re-
maining eight compounds are shown in Figs. 4 and 5 with the highest FRFs derived for
H-1211 and CH;CCl; and the lowest for HCFC-22 and HCFC-142b. Respective poly-
nomial fit functions derived from these correlations can be found in the Supplement.

Also apparent from Figs. 3 to 5 is a discrepancy in comparison to the high-latitudinal
correlations of Newman et al. (2006). Most notably the two dependencies diverge with
increasing mean age and FRF. We find this for 7 out of the 10 compounds reported here
i.e. all except HCFC-141b, HCFC-142b and H-1301. Both of the HCFCs still showed
significant nonlinear growth rates at the time of sample collection for the work of New-
man et al. (2006) (i.e. in 2000) which adds significant uncertainties (as has been noted
in Daniel and Velders, 2007). Moreover for HCFC-142b our data set shows FRFs that
are too small to evaluate differences to Newman et al. (2006) within the uncertainties.
The Newman et al. (2006) study was also based mostly on data from a high-latitudinal
campaign (Schauffler et al., 2003) but for H-1301 used a completely different data set
originating from an earlier campaign and a variety of latitudes (and also with much
higher uncertainties; Schauffler et al., 1999). When not considering these three com-
pounds we find similar divergence between our data set and the correlations of New-
man et al. (2006) indicating that the differences might be related to differences in mean
age.

Newman et al. (2006) derived mean ages from CO, whereas we here use SFg. It has
been previously shown that both trace gases give comparable mean ages (e.g. Strunk
et al., 2000; Engel et al., 2002). An exception can be the middle high-latitudinal strato-
sphere if influenced by descending mesospheric air depleted in SFg which results in
erroneously high mean ages (e.g. Engel et al., 2006). We have found no evidence for
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significant mesospheric influence here. High latitudinal data from nine different Geo-
physica flights all follow the same correlations. Moreover, the high-latitudinal and the
mid-latitudinal data do not converge as mean age increases. As the mid-latitudinal
data set was obtained in late autumn at altitudes between 10 and 20 km it is very un-
likely to be influenced by mesospheric air. At higher latitudes even small amounts of
mesospheric air would result in significantly enhanced mean age as this air contains
very little SFg. On the other hand the FRF of CFC-11 would only be increased slightly
as CFC-11 is depleted to very low values in the middle stratosphere already. There-
fore the high latitudinal FRF-mean-age correlation would approach or even cross the
mid-latitudinal correlation. This is not observed and we conclude that there is no sig-
nificant mesospheric influence in our data set. An additional confirmation comes from
simultaneous stratospheric measurements of H, by the HAGAR instrument. Extreme
H, mixing ratios of less than 400 and more than 800 parts per billion (ppb) have been
observed in the vicinity of mesospherically influenced air (Engel et al., 2006) but the
range observed here was considerably smaller, ranging from 470 to 590 ppb.

Mean ages derived from CO, are not sensitive to mesospheric influences (Engel
et al., 2006). If the data set used by Newman et al. (2006) was influenced by meso-
spheric or even higher stratospheric air this would lead to a modest shift of the FRF-
mean-age correlation similar to the observed difference. Moreover the arctic strato-
sphere shows significant interannual variability especially in the winter, which could
also explain the observed differences. There are a number of other possible contribu-
tors for these differences such as the difficulties in deriving mean ages from CO, e.g.
because of the strong interannual variability of its growth rate (Stiller et al., 2012), and
observed long-term changes in stratospheric mean age (Engel et al., 2009; Stiller et al.,
2012).

It has also been noted by Volk et al. (1997) that the effects of stratospheric chemistry
and transience (driven by tropospheric growth) are coupled by stratospheric transport
and cannot be easily separated from each other. To derive steady-state quantities from
transient in-situ observations, Volk et al. (1997) solved this problem for the simpler
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case of the gradient at the tropopause as displayed in Eq. (7) (cf. Eq. A11in Volk et al.,
1997).

d
2 = —2o(0)-(Bo+ Vo =2-Bo- Yo ) ™

Z—)r( — gradient of mixing ratio against mean age at I = 0.

Xo(t) —mixing ratio at ' = 0.

Here, B, is a term describing the steady state loss rate while y,, is again the effective
tropospheric growth rate. Thus a correction for tropospheric growth needs to take into
account not only y, but also its interaction with G, via the age spectrum (A = A? /T as
noted above) in the last term of Eq. (7). A similar correction of FRFs (or of tracer cor-
relations in general) inside the stratosphere is not possible from observations alone as
it would require prior knowledge of stratospheric transport and loss (Volk et al., 1997).
Therefore the FRFs derived here can not be considered as equilibrium quantities and
are only valid as long as the tropospheric trends of the respective compounds do not
significantly change. This could also explain the differences between our FRF-mean
age correlation and that of Newman et al. (2006) for HCFC-141b; as growth rates be-
came more linear the shape of this correlation changed significantly. In 2009—-11 it had
become very similar to that of HCFC-22, which has been growing more linearly since
the 1990s (WMO, 2011).

This dependency contradicts a statement in our earlier work (i.e. Laube et al., 2010a)
where FRFs were referred to as “time-independent quantities”. Nevertheless we here
find that FRFs of the compounds reported have not changed significantly between late
2005 and December 2011 given the good comparability with the extratropical FRFs
from Laube et al. (2010a) (Figs. 3 to 5). It is also possible, that the FRFs of eight com-
pounds (i.e. all except HCFC-141b and HCFC-142b) have not changed significantly
since 2000 given that there were no substantial changes in trends. The differences to
the correlations of Newman et al. (2006) could then instead be related to differences in
mean age. The FRFs presented here are more up-to-date than the FRFs used in WMO
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(2011). However, with the available data it is not possible to resolve their seasonality or
the potential variability introduced by the mean age part of these correlations.

4.2 Stratospheric lifetime evaluation

Table 2 gives an overview of stratospheric lifetimes reported in the most recent WMO
Ozone Assessment (WMO, 2011), Volk et al. (1997), and those derived here including
uncertainty ranges. The latter were inferred from uncertainties introduced by the tracer
versus CFC-11 and CFC-11 versus mean-age correlation slopes and different widths of
the age spectrum. For CH;CCl; and HCFC-142b we also considered the maximum dif-
ference between our upper tropospheric and NOAA NH mixing ratios (see Sect. 2). We
calculated our stratospheric lifetimes assuming a lifetime of 45yr for CFC-11. Based
on this assumption our stratospheric lifetimes agree with those in WMO (2011) and
Volk et al. (1997) within the uncertainty ranges for six compounds. It should be noted
though, that for H-1211 only an overall lifetime is given in WMO (2011) and that H-1301
and the three HCFCs were not evaluated in Volk et al. (1997). For three compounds
(i.e. CFC-113, CFC-12 and CH3CCl3) we find stratospheric lifetimes that are lower than
those in Volk et al. (1997) but still agree within the combined uncertainties — but not with
those in WMO (2011). However, there is no uncertainty range given in WMO (2011) so
the lifetimes could still agree within the combined respective errors. For CH;CCl; we
find a 39 % lower stratospheric lifetime than the one presented in WMO (2011). A much
smaller stratospheric lifetime of CH;CCl; would result in a number of implications. The
overall atmospheric CH;CCl; lifetime of 5yr (WMO, 2011) is dominated by its OH loss.
Replacing the stratospheric component with our estimate would decrease its overall
lifetime by ~ 0.37 yr or about 7 %. Because of its short lifetime with respect to OH this
compound has been used in a number of studies to estimate levels of OH in the at-
mosphere (e.g. Krol et al., 2003; Prinn et al., 2005; Montzka et al., 2011). Therefore
a significant stratospheric lifetime reduction would impact on derived OH concentra-
tions, which has the potential to change the atmospheric lifetimes of a large number of
trace gases that are dominated by reaction with OH.
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Table 2 also highlights the limitations of our method to derive lifetimes for compounds
that are very long-lived in the stratosphere such as HCFC-22 and HCFC-142b. Be-
cause of the small loss rates the corrected correlation slopes of these compounds
are very small which leads to large uncertainty ranges. In the case of HCFC-142b we
even calculate small negative slopes at the upper end of the lifetime uncertainty range
which is equivalent to an infinite stratospheric lifetime. The only reliable estimate for
this compound is therefore the lower end of the lifetime range which is the minimum
stratospheric lifetime. In addition it is notable that our results only just agree with the
lifetimes in WMO (2011) for two further compounds. According to our best estimate
(and relative to a lifetime of 45yr for CFC-11) both HCFC-141b and CCl, should be
considerably longer-lived than the values given in WMO (2011).

For CFC-12 we note a discrepancy regarding our CFC-12/CFC-11 lifetimes ratio
(1.69) which is already smaller than that of Volk et al. (1997) (1.92) but differs even
more from the one resulting from WMO reports (2.22). It has also been noted in WMO
(2011) that “evidence is emerging that lifetimes for some important ODSs (e.g., CFC-
11) may be somewhat longer than reported in past assessments”. In the case of CFC-
11 this is supported by the study of Douglass et al. (2008) which suggested a range of
56 to 64 yr for its steady-state lifetime from a number of global models with improved
model transport schemes. With respect to CFC-12 Douglass et al. (2008) concluded
that the new model results agree better with previous lifetime estimates as compared to
CFC-11. For these reasons we derive a second set of lifetimes by assuming a CFC-12
lifetime of 100 yr as recommended in WMO (2011) but also because it agrees with the
range in Douglass et al. (2008). This here translates into a CFC-11 lifetime of 59.3yr
(see Table 2) which falls in the range suggested by Douglass et al. (2008). The resulting
stratospheric lifetimes are in this case calculated to be larger than those recommended
by WMO (2011) in 5 out of 8 cases. For CFC-11, HCFC-141b, H-1301 and CCl, even
the lower ends of our uncertainty ranges are larger than the WMO lifetimes. These
results should be assessed by global models, but it is clear that the sum of such in-
creases would cause a significant delay in projections of the recovery of stratospheric
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ozone. For CH3CCl; our stratospheric lifetime range (22 to 45yr) now agrees with the
39yr given in WMO (2011). Using a CFC-11 lifetime of 59 yr and again directly replac-
ing the stratospheric lifetime in WMO (2011) with our estimate the resulting change in
its overall lifetime would be smaller and equate to a reduction of =~ 0.15yr or about 3 %.

The last column in Table 2 shows the percentage changes in stratospheric lifetimes
that were induced through the trend correction method. It is notable, that these correc-
tions changed lifetime estimates by less than 5 % for five of the compounds reported
here: CFC-11, CFC-113, CFC-12, H-1211, and CCl,. Due to their small current tropo-
spheric growth rates in recent years (WMO, 2011) these compounds can be considered
as close to steady-state. Any unaccounted inaccuracy potentially inherent to our tro-
pospheric trend correction method would thus hardly affect the derived stratospheric
lifetime ratios, which gives further confidence in the results for these species.

4.3 Ozone depletion potentials

FRFs and stratospheric lifetimes as calculated in the previous sections provide the
ingredients for a reassessment of a key quantity: the semi-empirical Ozone Depletion
Potential (ODP). These can be derived via Eq. (8) which has been adapted from Daniel
and Velders (2007).

FRF; T Morc-11 1 ®)

FRFGre_11 Tcrc-t1 M; 3

ODP, = (a'nBI’,I’ + nCL,-)

a — relative ozone destruction effectiveness of bromine as compared to chlorine for;
here: 60 as recommended in WMO (2011) for mid latitudes.

n — number of bromine/chlorine atoms.

T — overall atmospheric lifetime.

M — molecular mass.

In the case of CFC-11, CFC-12, CFC-113 and H-1301, where no significant tropo-
spheric sinks exist, we use our newly-calculated stratospheric lifetimes as being equiv-
alent to the overall atmospheric lifetimes. For the remaining six molecules we use our
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calculated stratospheric lifetimes along with the non-stratospheric losses reported in
WMO (2011), to recalculate overall lifetimes. For H-1211 only the overall lifetime is
given in WMO (2011), so we use the tropospheric lifetime of 23 yr from Burkholder
et al. (1991) combined with our calculated stratospheric lifetime. For comparability to
WMO (2011) we calculate new ODPs from our mid-latitudinal FRFs only. The FRFs at
a mean age of 3yr and the resulting ODPs are shown in Table 3 both in comparison to
values from WMO (2011).

Using the two different lifetimes for CFC-11 (i.e. 45 and 59yr) has a smaller influ-
ence on ODPs as compared to FRFs as the respective lifetime changes of all other
compounds are in the same direction, and are thus partly compensated for in Eq. (8).
Longer lifetimes have no influence at all in the case of stratospheric lifetimes be-
ing equivalent to the overall atmospheric lifetime (i.e. for CFC-12, CFC-113, and H-
1301) as the lifetime ratio then remains unchanged. In the case of significant extra-
stratospheric sinks the ODPs are generally found to decrease with increasing strato-
spheric lifetime. This is caused by the fact that a downscaled change in overall life-
time is then related to a bigger change in CFC-11 lifetime in Eq. (8). In the case of
the HCFCs the actual stratospheric lifetimes are accompanied by a large uncertainty
range. However, this has very little influence on the ODP as the overall lifetimes of
these compounds are dominated by their lifetime with respect to OH.

In comparison to WMO (2011) we find lower ODPs for most compounds. To place
this into context our values would lead to a 22 % reduction in the equivalent chlorine re-
leased by these compounds at a mean age of 3yr (i.e. from 1121 to 871 ppt in January
2010). The reductions are most pronounced for the three HCFCs where, depending on
the CFC-11 lifetime, we calculate ODPs that are 29 to 60 % (CFC-11 lifetime of 45yr)
or 45 to 69 % (CFC-11 lifetime of 59yr) smaller than those in WMO (2011). Reduc-
tions of 13 and 26 % are found for the ODP of H-1211 whereas for H-1301 we derive
an 17 % higher ODP. The latter change in ODP is mostly induced by the lower FRF
of CFC-11 as our FRF does not differ much from that in WMO (2011). It should also
be noted that differences to WMO values are intensified through the exclusive use of
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mid-latitudinal data in our study. As already stated in Sect. 4.1 we find less fractional
release in mid-latitudes as compared to high latitudes. Although a mean age of 3yr is
supposed to represent mid-latitudes the values in WMO (2011) are mostly based on
correlations from Newman et al. (2006) and (2007) which originate from both mid- and
high latitudinal data (52 to 88° N, Schauffler et al., 2003). Our results suggest that it
may be recommendable to distinguish between these two stratospheric regions.

5 Conclusions

We have reassessed three policy-relevant parameters for 10 important ozone-depleting
substances: fractional release, steady-state lifetimes, and semi-empirical ODPs. For
the derived correlations of FRFs with mean age we find differences to the work of
Newman et al. (2006) which are likely related to differences in mean age. In the case
of HCFC-141b and HCFC-142b the differences might additionally be related to tropo-
spheric growth rate changes. Experimentally derived correlations of FRFs with mean
age of air should thus only be considered as time-independent as long as there are no
changes in stratospheric transport or relative tropospheric growth rates. When using
such correlations the uncertainties connected to the mean age of air and its calcula-
tion could be very influential. We can, for instance, not assess seasonal or hemispheric
variability with the available data set. However, we do find differences between mid- and
high latitudinal fractional release and this should be taken into account when assess-
ing ozone recovery scenarios for different latitudinal regions. It is also recommended
to further investigate the variability of the FRF-mean-age correlations as they have the
potential to significantly alter the projected time of stratospheric ozone recovery.

The stratospheric lifetimes derived here depend on a reliable estimate of the life-
time of CFC-11 as they are calculated relative to it. When adopting a lifetime of 45yr
as recommended by WMO (2011) we find agreement with other WMO lifetimes within
our uncertainties for 5 of the 8 compounds reported in both works. However, our best
estimates suggest a 39 % reduced stratospheric lifetime of CH3;CCl,. Using a CFC-12
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lifetime of 100yr yields a CFC-11 lifetime of 59yr which agrees with the range that
has recently been inferred by models (Douglass et al., 2008). A longer CFC-11 life-
time then reduces the CH;CCl; stratospheric lifetime difference to 19 % but also gives
32 % larger lifetimes for all compounds. This would result in WMO stratospheric lifetime
recommendations being below our estimated ranges for CFC-11, HCFC-141b, H-1301
and CCl,. However, we are unable to resolve the discrepancy between WMO (2011)
and Douglass et al. (2008) here. In the absence of an updated and independent esti-
mate of the lifetime of CFC-11 we recommend the internally consistent stratospheric
lifetime ratios given in Table 2. It is notable though, that our CFC-12/CFC-11 lifetime
ratio is closer to that inferred by Volk et al. (1997) and Douglass et al. (2008) whereas
the ratio given in WMO (2011) is considerably higher.

The Ozone Depletion Potentials derived from the FRFs and lifetimes above are in
most cases smaller than those recommended by WMO (2011). We also note that ac-
cording to our results HCFCs are considerably less harmful to stratospheric ozone
than assumed in past WMO assessments with reductions in their ODPs of up to 69 %.
A corollary of these smaller ODPs, however, is that stratospheric ozone recovery might
be more delayed than previously determined, as a result of the reduced FRFs and pos-
sibly longer atmospheric lifetimes of the ODSs. Finally semi-empirical ODPs should
not be considered as time-independent if they are based on observationally derived
fractional release factors for the above mentioned reasons.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/28525/2012/
acpd-12-28525-2012-supplement.pdf.
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Table 1. Overview of reported compounds, calibration scales, average measurement precisions
(including the 1 o standard deviation of that average), and the percentage difference between
mixing ratios observed close to the tropopause and Northern Hemispheric monthly mean mix-
ing ratios as reported by the ground-based NOAA-ESRL network (except for H-1301; see text).

Compound  Calibration scale Average measurement Difference to NOAA-ESRL

precision (%) NH monthly mean (%) in
Nov 2009 Jan 2010

CFC-11 NOAA-1993 09+04 -0.9 -0.8
CFC-113 NOAA-2002 1.1+£0.8 -0.6 -0.6
CFC-12 NOAA-2006 1.0+£0.7 0.3 -0.9
HCFC-141b NOAA-1994 1911 0.1 3.0
HCFC-142b NOAA-1994 0.8+0.2 -5.1 -
HCFC-22 NOAA-2006 1.0£0.5 -3.7 -0.5
H-1301 NOAA-2006-MS 0.7+0.2 0.2 0.3
H-1211 NOAA-2006 1.4+£0.9 -1.6 -2.1
CCl, NOAA-2002 1.2+£0.9 -2.2 -
CH;CCl, NOAA-2003 22+141 -54 -4.2
SFg NOAA-2006 1.0£0.5 -2.2 -1.5
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Table 2. Comparison of stratospheric lifetimes from WMO (2011), Volk et al. (1997) and this
work. The latter two were scaled relative to a CFC-11 lifetime of 45yr. The CFC-11 lifetime of
59.3yr in our work results from assuming a CFC-12 lifetime of 100 yr. The uncertainty ranges
were derived via Eq. (6) by considering the slope uncertainty in the CFC-11-mean-age correla-
tion as given in the text, slope uncertainties in tracer-CFC-11 correlations (see the Supplement),
and values of 0.7 to 1.75 for A. To ensure comparability with the work of Volk et al. (1997) we
adopt a A value of 1.25 for our lifetime calculations.

Compound Stratospheric lifetimes
WMO  Volk et al. This work
(2011) (1997) CFC-11= CFC-11= Ratioto % change from
45yr 59.3yr CFC-11  trend correction
CFC-11 45 (45) (45) 59 1 0.7
(53-66)

CFC-113 85 101 +28 64 84 1.42 -4.3
(57-72) (76-95)

CFC-12 100 86+ 11 76 (100) 1.69 -0.7
(68-85)

HCFC-141b 64.9 - 98 128 217 40
(56-364) (74-479)

HCFC-142b 160 - 301 397 6.70 80
(104—0c0)  (136-00)

HCFC-22 186 - 141 186 3.14 58
(87-496) (114-653)

H-1301 65 - 61 81 1.36 15
(56-69) (73-91)

H-1211 - 23+5 28 36 0.61 0.5
(24-31) (32—41)

CCl, 35 32+4 39 51 0.86 -4.4
(33-46) (44-61)

CH;CCl, 39 34+5 24 32 0.53 -155

(17-34)  (22-45)
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Table 3. Overview of FRFs derived from mid-latitudinal polynomial fit functions (see Supple-
ment) at a mean age of 3yr. Uncertainties are calculated by fitting polynomials through the
upper and lower envelopes exhibited by the FRF and mean age error bars displayed in Figs. 3
to 5. Also shown are semi-empirical Ozone Depletion Potentials (ODPs) calculated using these
FRFs and the stratospheric lifetimes from Table 2 in comparison to recent estimates from WMO
(2011). The ODP ranges additionally consider the stratospheric lifetime ranges from Table 2.

Compound FRF at' =3yr Semi-empirical ODPs
WMO (2011)  Thiswork ~ WMO (2011) This work, CFC-11 =
45yr 59.3yr
CFC-11 0.47 0.35 1 1 1
(0.32-0.39)
CFC-113 0.29 0.22 0.85 0.65 0.65
(0.20-0.25) (0.59-0.71) (0.59-0.71)
CFC-12 0.23 0.19 0.82 0.68 0.68
(0.16-0.21) (0.60-0.76) (0.60-0.76)
HCFC-141b 0.34 0.17 0.12 0.082 0.064
(0.14-0.21) (0.066-0.100) (0.052—0.078)
HCFC-142b 0.17 0.05 0.06 0.025 0.019
(0.04-0.06) (0.020-0.032) (0.015-0.025)
HCFC-22 0.13 0.07 0.04 0.025 0.020
(0.05-0.08) (0.019-0.033) (0.015-0.025)
H-1301 0.28 0.26 15.9 18.6 18.6
(0.24-0.29) (16.9-20.2) (16.9-20.2)
H-1211 0.62 0.52 7.9 6.9 5.9
(0.48-0.56) (6.2-7.7) (5.3-6.6)
CCl, 0.56 0.42 0.82 0.89 0.82
(0.39-0.46) (0.83-0.95) (0.76-0.87)
CH,4CCl, 0.67 0.61 0.16 0.18 0.15
(0.56-0.65) (0.17-0.20) (0.13-0.16)
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Fig. 1. Correlation of CFC-11 mixing ratios and mean age of air (red diamonds) and the corre-
sponding slope evolution against the average mean age of air (black diamonds). Fitting a linear
regression (black line) through the slope data between 0.7 and 2.5yr of average mean age
yields a slope of (-20.6 +4.6) pptyr~' at a mean age of 0 (black square). The uncertainty of
this y-intercept was estimated similar to Volk et al. (1997) using a “bootstrap” method (500
samples) and a scaling factor of the resulting uncertainty to account for the interdependency of
the individual points.
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Fig. 2. Compact correlations of CFC-11 mixing ratios with those of CFC-12 (A) and CH4CCl4
(B) in the mid- and high latitudinal stratosphere as obtained from whole-air samples collected
during aircraft campaigns in 2009 (red), 2010 (blue and green) and 2011 (black). Analysis of
the 2010 samples was split between the University of Frankfurt (UFra, blue) and the University
of East Anglia (UEA, green) with excellent agreement between the two data sets for all com-
pounds. When applying a first-order correction for the influence of the changing tropospheric
trend the correlations become very similar (purple). This is only displayed for (B) as the re-
spective changes in tropospheric abundances of CFC-11 and CFC-12 are small and thus the
“trend-corrected” correlation is almost indistinguishable from the other correlations.
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Fig. 3. Correlation of Fractional Release Factors (FRFs) with mean age of air for CFC-11 and
CFC-113. High (black) and mid-latitudinal (blue) data from this study are shown alongside with
tropical and extra-tropical data from Laube et al. (2010a) (FRFs from 2005 and 2006) as well as
high latitudinal correlations from Newman et al. (2006) (data from 2000). The error bars were
derived using the 1 0 measurement uncertainty (or its equivalent in mean age). To account
for the uncertainty in entrance mixing ratios we also added the percentage difference between
the NOAA-ESRL stations in Tutuila, American Samoa (14.25° S, 170.56° W) and Mauna Loa,
Hawaii, United States (9.54° N, 155.58° W) as well as the respective NOAA 1 o measurement
uncertainties both averaged over 2010. For samples for which mean age was derived from
a correlation with CFC-12 (see text) we added an additional error of 0.06 yr from the uncertainty
of this correlation.
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Fig. 4. Same as in Fig. 3 but for CFC-12, HCFC-141b, HCFC-142b and HCFC-22.
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Fig. 5. Same as in Fig. 3 but for H-1301, H-1211, CCl, and CH;CClj.
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