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Abstract. Estimates of the recovery time of stratospheric ten compounds, with changes most pronounced for the three
ozone heavily rely on the exact knowledge of the processe$ICFCs. Collectively these newly calculated values may have
that lead to the decomposition of the relevant halogenatedmportant implications for the severity and recovery time of
source gases. Crucial parameters in this context are fracstratospheric ozone loss.

tional 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 anq  |htroduction

2011 on board research aircraft flying in the mid- and high-

latitude stratosphere and infer the above-mentioned param:-arge-scale ozone depletion in the stratosphere is still oc-
eters for ten major source gases: CF(@FC-11), CRCl2  curring on an annual basis in the higher latitudes of both
(CFC-12), CRCICFCk (CFC-113), CCJ (carbon tetra- hemispheres, with full recovery being projected around the
chloride), CHCCI3 (methyl chloroform), CHECI (HCFC-  middle of this century (WMO, 2011). A number of mainly
22), CHCFChk (HCFC-141b), CHCRCI (HCFC-142b), man-made chorine- and bromine-containing trace gases have
CRCIBr (H-1211), and CgBr (H-1301). The inferred cor-  long been identified to be largely responsible for this phe-
relations of their FRFs with mean ages of air reveal less denomenon (WMO, 1990). The effects of these ozone depleting
composition as compared to previous studies for most comsubstances (ODSs) are often quantified via their respective
pounds. When using the calculated set of FRFs to infer equivfractional release factors (FRFs). These were first defined by
alent stratospheric chlorine, we find a reduction of more thanSolomon and Albritton (1992) as “the fraction of the halo-
20% as compared to the values inferred in the most recentarbon species injected into the stratosphere that has been
Scientific Assessment of Ozone Depletion by the World Me-dissociated”. Knowledge of these measures is of major im-
teorological Organisation (WMO, 2011). We also note thatportance for the quantification of the ability of ODSs to de-
FRFs and their correlations with mean age are not generstroy ozone with larger FRFs, resulting in more ozone being
ally time-independent as often assumed. The stratospherigestroyed. Earlier studies have derived FRFs relative to that
lifetimes were calculated relative to that of CFC-11. Within of CFC-11 (Solomon et al., 1992; Daniel et al., 1995; Schauf-
our uncertainties the ratios between stratospheric lifetimegler et al., 1999, 2003), whereas more recent studies focused
inferred here agree with the values in recent WMO reportson FRF—mean-age correlations (Newman et al., 2006, 2007,
except for CFC-11, CFC-12 and GECI;. Finally, we calcu-  Laube et al., 2010a).

late lower ODPs than recommended by WMO for six out of
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2780 J. C. Laube et al.: Observation-based assessment

The stratospheric lifetimes of these ODSs are equally im-erage 2 precision (in %) of all samples analysed at UEA. In
portant in this context as the recovery time of the ozone layeiorder to represent the range of precisions observed at UEA,
will depend on these quantities. This is especially true in thewe then derived the @ standard deviation of this average
case of the chlorofluorocarbons, where the stratospheric lifeprecision. UFra measurements with relative precisions larger
times are equivalent to the overall atmospheric lifetimes. Onahan this range were excluded (CFC-11: 6 samples, CFC-
of the most important observation-based studies of strato113: 13, HCFC-141b: 13, H-1301: all, H1211: 35, §&Cls:
spheric lifetimes is that of Volk et al. (1997), who used 26) In addition, most samples from the 2010 and 2011 cam-
and further developed the theoretical framework of Plumbpaigns were contaminated with several parts per trillion (ppt)
and Ko (1992) and Plumb (1996) to infer steady-state life-of HCFC-142b and were consequently excluded. ForsCCl
times of six important ozone-depleting halocarbons: GFCI we excluded the 2010 data as these samples were analysed
(CFC-11), CRKCI, (CFC-12), CRCICFCh (CFC-113), C several months after collection and G@ not stable in the
(carbon tetrachloride), G3€Cls (methyl chloroform), and stainless steel canisters over such extended periods (see also
CRCIBr (H-1211). For this purpose they utilised the com- Laube et al., 2008). Finally, SFlata from all UFra samples
pact correlations that long-lived trace gases form with eachand also from the 2011 Geophysica campaign (the latter was
other and also with the mean ages of air (i.e. the mearanalysed exclusively at UEA) could not be used for the cal-
stratospheric transit times). We here use a similar methodulation of mean ages of air due to limited instrument preci-
and measurements on air samples collected in the mid- angions at the time.
high-latitude stratosphere to evaluate the stratospheric life- Table 1 shows the calibration scales used and the average
times of ten important ODSs: CFC-11, CFC-12, CFC-113,measurement precisions of the remaining data set. Also dis-
CCly, CH3CCl3, CHRCI (HCFC-22), CHCFChk (HCFC- played is a comparison of mixing ratios observed close to the
141b), CHCRCI (HCFC-142b), H-1211, and GBr (H- tropopause with northern hemispheric (NH) monthly mean
1301). Moreover, the calculation of the FRFs and their re-mixing ratios as reported by the ground-based NOAA-ESRL
lation to mean ages of air enables us to derive observationnetwork. The latter were obtained frduttp://www.esrl.noaa.
based semi-empirical ozone depletion potentials (ODPs) fogov/gmd/(see Montzka et al., 1999, and Hall et al., 2011, for
these compounds. details; GC-MS data from flasks were used except fag, SF

CFC-11 and CFC-12, where combined data were available,

and CCl, where in situ data were preferred for the above
2 Sample collection, measurements and data analysis ~ mentioned reasons), with the exception of H-1301 where no

long-term global trend was available at the time. Thus the
The air samples were collected using whole-air samplers opH-1301 time series was obtained from archived samples col-
erated on board the M55 Geophysica high altitude aircrafiected at Cape Grim, Tasmania (4, 145 E, Newland et
(see Kaiser et al., 2006, and Laube et al., 2010a, for details oal., 2012). This time series was shifted by one year to ac-
the sampling systems and Cairo et al., 2010, for a descriptiomount for interhemispheric transport times (Levin and Hes-
of a typical Geophysica campaign and payload). Two Geo-shaimer, 1996) and showed very good agreement with the H-
physica flights departed from Oberpfaffenhofen, Germany,1301 mixing ratios observed close to the tropopause in this
on 30 October and 4 November 2009 (covered altitude, latstudy.
itude and longitude ranges: 10-20km, 48-84 7-12 E) We also compared long-term time trends as observed by
and nine from Kiruna, Sweden, between 20 January and doth laboratories (NOAA and UEA) at the ground-based
February 2010, and on 11 and 16 December 2011 (9-19 knrstation at Cape Grim. Agreement within measurement un-
62-77 N, 1° W=29 E, RECONCILE and ESSENCE cam- certainties was observed for eight compounds. However,
paigns). The samples were then analysed via gas chromatogve found small but consistent offsets for three compounds:
raphy with mass spectrometric detection (GC-MS): 138 sam-CFC-113 ¢2 %, UEA-NOAA), HCFC-142b £2 %) and
ples at the University of East Anglia (UEA, see Laube et CH3CClz (+4 %) (see Supplement). After correcting for
al., 2010b, for analysis details) and 72 at the University ofthese offsets, we further evaluated the comparability of the
Frankfurt (UFra). All samples analysed in Frankfurt were data sets by comparing the NOAA NH mixing ratios with our
measured using a system similar to the one at UEA exceptipper tropospheric values. We found them to agree within
that the detector is a quadrupole mass spectrometer (Agiler % for all substances except HCFC-22 and HCFC-142b
5975 MSD). In addition to the compounds mentioned abovejn November 2009, and G3€Cl3 in November 2009 and
we used measurements of Ste infer stratospheric mean January 2010. For the two HCFCs we found differences to
ages of air. NOAA of 3.7% and 5.1 %, respectively. For HCFC-142b

All data underwent a thorough quality check as is ex- we only have reliable data for November 2009 (see above),
plained in the following. Some of the measurements car-but in the case of HCFC-22 the observed difference is much
ried out at UFra showed significantly worse analytical preci-smaller in January 2010, suggesting that atmospheric vari-
sion than the UEA measurements. These data were excludeability may have been the underlying cause.;CElz shows
based on the following procedure: first we calculated the av-differences of—5.4 and—4.2%. It is however the shortest
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Table 1. Overview of reported compounds, calibration scales, average measurement precisions (includingttivelard deviation of that
average), and the percentage difference between mixing ratios observed close to the tropopause and northern hemispheric monthly mea
mixing ratios as reported by the ground-based NOAA-ESRL network (except for H-1301; see text).

Compound Calibration scale Average Differences with
measurement NOAA-ESRL NH
precision [%] monthly mean (%) in

11/2009 01/2010

CFC-11 NOAA-1993 0.9 0.4 -0.9 -0.8
CFC-113 NOAA-2002 1.10.8 -0.6 -0.6
CFC-12 NOAA-2006 1.6:0.7 0.3 -0.9
HCFC-141b NOAA-1994 1.91.1 0.1 3.0
HCFC-142b NOAA-1994 0.80.2 5.1 -
HCFC-22  NOAA-2006 1.6:05 -3.7 -0.5
H-1301 NOAA-2006-MS 0.20.2 0.2 0.3
H-1211 NOAA-2006 1.4-0.9 -1.6 2.1
cCly NOAA-2002 1.240.9 2.2 -
CH3CCl;  NOAA-2003 2.241.1 5.4 4.2
SFs NOAA-2006 1.040.5 2.2 -15

lived of the compounds reported here and has dominant trowe used the 2010 high-latitude correlation betweeg &t
pospheric sinks which could explain these differences be-CFC-12 mixing ratiosx) to infer mean agedY) via Eq. (1).
tween ground-based stations and the upper troposphere. Nev-

ertheless, we consider the maximum difference as an addi-

tional uncertainty for the calculation of the stratospheric life- I' = 9.78— 0.0287- x crc_12+ 6.884- 107° - (xcrc_12)2
times of CHCCl3 and HCFC-142b (Sect. 4.2). The 2011

data set could not be compared as the lowest altitude samples _g 19923 10-8. (xcre-12)°3 1)
from these flights were collected deeper in the stratosphere
and already showed significant decomposition. This methodology is similar to the one in Laube et

Finally, we compared our gfand CFC-11 mixing ratios 5 "(5010a). The validity range of this polynomial is limited
during the seven 2010 Geophysica flights with in situ GC-y yne ranges observed, i.e. mean ages from 0 to 5.4 years and
ECD _(Electr_on Capture Detector) measurements obtained b&FC—lZ mixing ratios from 540 to 235 ppt. For 23 samples
the High Altitude Gas Analyzer (HAGAR; see Werner etal., \ e jnferred mean ages above 5.4 years, and consequentially
2010, for details) with averageol precisions of 1.3% for  yhose were excluded from further analysis. Moreover, mean
SFs and 1.9 % for CFC-11. Both data sets from the Geophys-ages derived via Eg. (1) can not be used to infer FRFs of
ica flights are reported on the same NOAA calibration ScaIeSCFC—12.
and showed very good agreement within their heasure- We then calculated the average mixing ratios that were
ment uncertainties. present in the individual air parcel when it entered the strato-

sphere using the mean ageand a parameterisation of its re-
lation to the squared width of the age spectryf(A2/ T =

3 Methodology A =0.7 asin Engel et al., 2002). Laube et al. (2010a) tested
_ . the sensitivity of this parameterisation with different ratios
3.1 Fractional release and mean age of air and found the corresponding changes to have little influence

) . on fractional release. By relating these mixing ratios to the
Fractional release factors were calculated using the methogmount actually observed in the samples via Bj(gdapted
described in Laube et al. (2010a), which is comparable tofrom Solomon and Albritton, 1992), we infer fractional re-
the one used in Schauffler et al. (2003) and Newman ejggse factors.
al. (2006). To correct for the underlying tropospheric trend,
we firstly infer the mean ages of air which can be describe Xientry— Xi (X, ¥,2,1)

: . - : RE(x,y,z,t) = - (2)
as average stratospheric transit times. Similar to a variety o Xi,entry
other studies (e.g. Harnisch et al., 1996; Volk et al., 1997;
Engel et al., 2009; Bnisch et al., 2009), we use measure- x;(x,y, z,t) is the mixing ratio of a long-lived trace gasit
ments of S for this purpose. For those flights with insuf- stratospheric locationx( y, z) and time (), andy; enuy is the
ficient Sk precision (exclusively high latitudes, see above), mixing ratio ofi when the air parcel entered the stratosphere.
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4 Stratospheric lifetimes

Volk et al. (1997) used the slope of correlations at the extra-
tropical tropopause to derive stratospheric steady-state life-
times 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 lifetinoéa tracer

i can then be obtained from Ec)(

CFC-11 [ppt]

=
o
o

Slope of CFC-11 vs mean age
[pptiyear]

_ 50
Oi

OCFC-11 ©)

TCFC-11-

d(f[
docrc-11

T =

-50 T T T — 0
™ 0 1 2 3 4
(Average) mean age [years]

o is the average atmospheric mixing ratio in steady state, and
do: . L . . Fig. 1. Correlation of CFC-11 mixing ratios and mean age of air
L is the slope of the mixing ratio correlation at the . h . .
docrc-11 |1p (red diamonds) and the corresponding slope evolution against the

extratropical tropopause in steady state. average mean age of air (black diamonds). Fitting a linear regres-
The ratio of the stratospheric lifetimes is thus dependentsion (black line) through the slope data between 0.7 and 2.5 years of
on the atmospheric average mixing ratios and the slope at theverage mean age yields a slope of (-2046) pptyr ! at a mean
extratropical tropopause of the correlation of the two trac-age of 0 (black square). The uncertainty of this y-intercept was esti-
ers, and these quantities need to be evaluated in steady stafgated similar to Volk et al. (1997) using a “bootstrap” method (500
The steady-state atmospheric average mixing ratios may b§ample_s) and a scaling factor o_f th_e_ resulting uncertainty to account
derived with little error from observed (non-steady) mixing " the interdependency of the individual points.
ratios (x;) as they are dominated by the troposphere, which

is well-mixed (and thus close to steady state) for the long- The gteady state slope relative to CFC-11 at the tropopause

lived species considered here. However, observed slopes flquired in Eq. ) is then readily obtained by using Ed)(
the tropopause are heavily influenced by transience due t@, 5 tracer and for CFC-11:

tropospheric 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 4% _ Jar _

age at the tropopausd X/dT") to the respective gradient docrc-11 dUCFcfll/dr

do/dT', corresponding to a steady state situation with the At _dxcreu y oo oo
i . K dxXCFC-11 ar Yo.i 0,i

same tropopause mixing ratio as observed:

dcr,-

dxcrc-11
fxgen T + V0,CFC-11" 00,CFC-11

dxi
do; 4T T Y0, - 00,
ZTr_dr T TR TR 4 _9. .
dl 1-2-y;-A @ 12 nwcrcan A

1-2-y0i-A

®)

o is the steady-state mixing ratio (index=0at the The less precise slop&xcrc-11/dI" now appears in both
tropopause)yy is the effective linear tropospheric growth the nominator and denominator resulting in uncertainties par-
rate in year?® (cf. Volk et al. (1997), Eq. A13), and is the tially cancelling out. Overall in Eq. (5) the principal informa-
ratio of the squared width of the age spectravhto mean  tion always comes from the well constrainég} /d xcrc-11.
ager. The more uncertain slop&xcrc-11/dT is in many cases a

In order to minimise uncertainties resulting from the gradi- small correction term that only gains significant influence
ents of tracers against mean age, we substitytg¢dI” with when tropospheric growth is very large. We calculate the
(dxi/dxcrc-11)(dxcrc—11/dT) in Eq. @) instead of deriv-  effective linear growth rategg as in Volk et al. (1997) by
ing gradients with respect to age (and subsequently correcapproximating the tropospheric trend of the last 5 years as
tion factors) for each species as done in Volk et al. (1997).obtained from NOAA-ESRL (see Sect. 2) with a quadratic
This leaves only the slope of CFC-11 against mean age t@olynomial.A is again a parameterisation of the width of the
be determined in addition to the slopes relative to CFC-11.age spectrum, and we here use three different values (0.7,
CFC-11 is one of the shorter-lived tracers considered herel.25 and 1.75) to assess the resulting lifetime uncertainties.
thus giving a comparably large (and thus well-constrained) We derive a slope against mean age of20.6+
slope against mean age. Moreover, CFC-11 has one of thd.6) pptyr-! for CFC-11 at a mean age of 0 which is equiva-
best precisions and the lowest number of excluded samplekent to the chemical tropopause at CFC=2241.0 ppt. Note
resulting in the most reliable data set. that tropospheric mixing ratios of CFC-11 have declined
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from the 270 ppt used in the study of Volk et al. (1997), 550
which we also take into account in Eg8) to (5). In other 500 e ,f"‘ﬁ
respects our method is similar to that of Volk et al. (1997). ., | ".s!'
Slopes along the CFC-11-age relation are measured by fit-T ) ‘ﬂ'p‘

400 Al
1 1 1 1 1 - - N- &
ting linear regression lines over moving 2-year-mean age in- § 350 fé? 777777777777777777777777777777777

tervals using a bivariate error-weighted fit (Cantrell, 2008) %
to account for uncertainties in both axes. We then plot these £ 3001 ‘FP‘
slopes against the average mean age (see Fig. 1) and fit a re- 220 ST
gression line from 0.7 to 2.5 years that is extrapolated to de- 200 1
rive the slope at the tropopause. We exclude data that could 0 T

be influenced by the polar vortex (i.e. samples from the 2010 100

high-latitude campaign with CFC-11 mixing ratied40 ppt, 9
hich i ivalent t tex data at tential t t g || 4 Mid latitudes, 2009 (UEA) | &;&
which is equivalent to vortex data at a potential temperature « High latitudes, 2010 (UEA) P S
of ~380K) and choose a smaller age range as compared t0 7 | « wign latitudes, 2010 (UFr)| """ 1§ S -
Volk et al. (1997) (0.8 to 3.5 years), as we observe higher 5 6 +|= High latitudes, 2011 (UEA) ---------- e TR
variability of the slopes at larger mean ages. The uncertainty = 5 -L* Trend-corrected, alldata_|_____ gag fffffffff T
i i i O it % *
of the tropopause slope value is estimated using the bootstrapo 4 | o . _\&
technique in the same way as described in Volk et al. (1997). § 3 -.“"-‘_,':‘.' ,,,,,,,,,,,,,,,,,,,,,
Using—20.6 pptyr! as the slope of CFC-11 against mean 5] :ra:..’,a’ ®
age at the tropopause and the above mentioned substitutions | | -.if.‘.’ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
yields Eq. (6) for the derivation of lifetimes relative to that of LT 3
CFC-11. 0 50 100 150 200 250
CFC-11 [ppt]
7 —206 - 11- -
T; = TCFC_11" — %i . + VO’CFSX_H 90,CFC-11 Fig. 2. Compact correlations of CFC-11 mixing ratios with those of
OCFC-11 —206- 7t CFC-12(A) and CHCCl; (B) in the mid- and high-latitude strato-
sphere as obtained from whole-air samples collected during aircraft
campaigns in 2009 (red), 2010 (blue and green) and 2011 (black).
o0, 1-2-y0i-A 6) Analysis of the 2010 samples was split between the University of
*00,:

Frankfurt (UFra, blue) and the University of East Anglia (UEA,

. . . green), with excellent agreement between the two data sets for all
We calculate average atmospheric mixing ratios for Januartompounds. When applying a first-order correction for the influ-

2010 again using NOAA-ESRL data (i.e. global means) for ence of the changing tropospheric trend, the correlations become
the troposphere. For the stratosphere we fit average profilegery similar (purple). This is only displayed f¢B) as the respec-

of mixing ratio versus pressure to a data set including alltive changes in tropospheric abundances of CFC-11 and CFC-12 are
Geophysica samples and in addition 44 samples collected osmall and thus the “trend-corrected” correlation is almost indistin-
board stratospheric balloons launched by the French Spacguishable from the other correlations.

Agency CNES (Centre National d'Etudes Spatiales). Two of

these balloon flights were launched from Kiruna in March o )
2009 and April 2011, while two others collected samplesthe tr_opppause. Our dgrlvatlon of these sl.opes aﬂd their un-
in the tropical stratosphere above Teresina, BrazilS(5 certainties foIIows. again thg methods laid out in Volklet
42°W), in June 2005 (see Laube et al., 2010a, for the lat-al- (1997). A deta]Ied description of the .meth'odology, fig-
ter; overall balloon altitude range: 10—-34 km). To account forUres, and the 'denved slopes.arle also given In the Supple-
differences in tropopause altitudes, we subdivide the stratoMent- The estimated uncertainties of the derived slopes at
sphere into area-weighted high- (702)0nid- (25-70) and the tropopause vary between about 5% and 33 %, depend-

tropical- (25° N—25° S) latitude bins. We estimate the un- ing on the amount of available samples, their precision, and

certainties of these profiles by varying the boundaries be_the scatter and the curvature of the correlation with CFC-11.

tween the three regions by5°. To simulate the variability of

the pressure tropopause, the profiles were shifted 2§ % 5 Results and discussion

above 400 hPa. The respective uncertainties in average atmo-

spheric mixing ratios were less than 2.1% in all cases. All5.1  Fractional release and mean age of air

average mixing ratios and effective linear growth rates can

be found in the Supplement. Long-lived trace gases form compact intercorrelations in the
The most crucial observational quantity in Eq. (6), ac- stratosphere, but these change over time if the respective tro-

counting for the major part of the uncertainty of the life- pospheric abundances change. This is illustrated in Fig. 2

time result, is the slope of mixing ratio versus CFC-11 atfor the correlations of CFC-12 and GHCI3 with CFC-11

1-2-yocrc-11- A
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2784 J. C. Laube et al.: Observation-based assessment

Also shown in Fig. 2 is a “trend-corrected” correlation of
CFC-11 and CHCCI3 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 ex-
pected to yield a correlation 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 applied correction.

Figure 3 shows the FRF correlation with mean age for
CFC-11 and CFC-113 in comparison to the polynomial re-
lationships inferred by Newman et al. (2006) from high-
latitude flights 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 de-

Mean age [years]

CFC-113

g composing fastest in the tropical stratosphere where the high-
2 a est actinic fluxes occur. When comparing different latitudes
§ ooy g we find similarly to Schauffler et al. (1999) that fractional re-
I b S —Newnan et al., 2006, high fattudes lease is lowest _in the mid-latitudinal stratosphere. This can
Laube et al., 2010a (25 - 44 N) be understood in terms of the seasonal development of the
08— qgr —Laube et al., 2010a, tropics . . . .
: P, + 2009, mid-latitudes winter/spring polar correlations. Isolation of the polar vortex
02 ‘ ‘ * 2010 & 2011, high latitudes _ in association with differential descent and horizontal mix-
-0.1 0.1 03 05 07 0.9 ing leads to the formation of separate polar correlations on
Fractional Release Factor (FRF) the concave side of the climatologic mid-latitudinal correla-

tion curves over the course of the winter (Plumb, 2007). For

air for CFC-11 and CFC-113. High- (black) and mic-latitude (blue) 105t SPECies considered here, this tends to decrease mixing
data from this study are shown alongside with tropical and extra-rat'os_ at a given age surface in the Iowe_r stratosphere, a_nd
tropical data from Laube et al. (2010a) (FRFs from 2005 and 2006),_thus I_ncrease fractional release. (_Zorrfelatlons of the r_emaln-
as well as high-latitude correlations from Newman et al. (2006)INd €ight compounds are shown in Figs. 4 and 5, with the
(data from 2000). The error bars were derived using themtea-  highest FRFs derived for H-1211 and @ECl3 and the low-
surement uncertainty (or its equivalent in mean age). To account foest for HCFC-22 and HCFC-142b. Respective polynomial fit
the uncertainty in entrance mixing ratios, we also added the percentfunctions derived from these correlations can be found in the
age difference between the NOAA-ESRL stations in Tutuila, Amer- Supplement.
ican Samoa (14.255, 170.56 W), and Mauna Loa, Hawaii, United Also apparent from Figs. 3 to 5 is a discrepancy in
States (9.52N, 155.58 W), as well as the respective NOAAJL  comparison to the high-latitude correlations of Newman et
measu_rement uncertainties, t_Joth averaged over _2010._ For sampl%ﬁ_ (2006). Most notably the two dependencies diverge with
for which mean age was dep_ved from a correlation with CFC-12 increasing mean age and FRF. We find this for 7 out of
(see text), we added an additional error of 0.06 years from the un- .
certainty of this correlation. the 10 compounds reported here, i.e. all except H_CFC-141b,

HCFC-142b and H-1301. Both of the HCFCs still showed
significant nonlinear growth rates at the time of sample col-
lection for the work of Newman et al. (2006) (i.e. in 2000)
as obtained from the three Geophysica campaigns. Firstlyvhich adds significant uncertainties (as has been noted in
it is notable from this figure that there is very good agree-Daniel and Velders, 2007). Moreover, for HCFC-142b our
ment between the different laboratories (at UEA and UFra),data set shows FRFs that are too small to evaluate differ-
which has been observed for all compounds reported hereences with Newman et al. (2006) within the uncertainties.
Secondly, in the case of CFC-12 and CFC-11 troposphericThe Newman et al. (2006) study was also based mostly on
changes have been minor in recent years. Thus the correlalata from a high-latitude campaign (Schauffler et al., 2003)
tions from the three campaigns are very similar. In the caséut for H-1301 used a completely different data set originat-
of CH3CClg, there is a distinct difference between the first ing from an earlier campaign and a variety of latitudes (and
two campaigns which took place in November 2009 and Janalso with much higher uncertainties; Schauffler et al., 1999).
uary 2010 and the third campaign almost two years laterWhen not considering these three compounds, we find sim-
Tropospheric abundances of g@ELCI3 have decreased con- ilar divergence between our data set and the correlations of
siderably over this period (WMO, 2011), which is reflected Newman et al. (2006), indicating that the differences might
in this correlation. For CEICCl3 the discrepancy between the be related to differences in mean age.
two correlations is also decreasing with increasing decompo- Newman et al. (2006) derived mean ages from,CO
sition. whereas we here use §Ht has been previously shown that

Fig. 3. Correlation of fractional release factors with mean age of
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Fig. 4. Same as in Fig. 3 but for CFC-12, HCFC-141b, HCFC-142b and HCFC-22.

both trace gases give comparable mean ages (e.g. Strunk &ineous stratospheric measurements phid the HAGAR

al., 2000; Engel et al., 2002). An exception can be the mid-instrument. Extreme fmixing ratios of less than 400 and
dle high-latitudinal stratosphere if influenced by descendingmore than 800 parts per billion (ppb) have been observed in
mesospheric air depleted in §Mvhich results in erroneously the vicinity of mesospherically influenced air (Engel et al.,
high mean ages (e.g. Engel et al., 2006). We have found n@006), but the range observed here was considerably smaller,
evidence for significant mesospheric influence here. High+anging from 470 to 590 ppb.

latitude data from nine different Geophysica flights all fol- Mean ages derived from GCare not sensitive to meso-
low the same correlations. Moreover, the high-latitude andspheric influences (Engel et al., 2006). If the data set used by
the mid-latitude data do not converge as mean age increaseNewman et al. (2006) was influenced by mesospheric or even
As the mid-latitude data set was obtained in late autumnrhigher stratospheric air, this would lead to a modest shift of
at altitudes between 10 and 20km, it is very unlikely to the FRF—mean-age correlation similar to the observed dif-
be influenced by mesospheric air. At higher latitudes everference. Moreover, the arctic stratosphere shows significant
small amounts of mesospheric air would result in signifi- interannual variability especially in the winter, which could
cantly enhanced mean age as this air contains very litge SF also explain the observed differences. There are a number of
On the other hand, the FRF of CFC-11 would only be in- other possible contributors for these differences such as the
creased slightly as CFC-11 is depleted to very low values indifficulties in deriving mean ages from GQe.g. because of
the middle stratosphere already. Therefore the high-latitudehe strong interannual variability of its growth rate (Stiller et
FRF-mean-age correlation would approach or even cross thal., 2012), and possible long-term changes in stratospheric
mid-latitude correlation. This is not observed and we con-mean age (Engel et al., 2009 and Stiller et al., 2012).

clude that there is no significant mesospheric influence in It has also been noted by Volk et al. (1997) that the ef-
our data set. An additional confirmation comes from simul- fects of stratospheric chemistry and transience (driven by
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tropospheric growth) are coupled by stratospheric transporalone as it would require prior knowledge of stratospheric
and can not be easily separated from each other. To deriveansport and loss (Volk et al., 1997). Therefore the FRFs
steady-state quantities from transient in situ observationsgderived here can not be considered as equilibrium quantities
Volk et al. (1997) solved this problem for the simpler case and are only valid as long as the tropospheric trends of the re-
of the gradient at the tropopause, as displayed in Eq. (7) (cfspective compounds do not significantly change. This could
Eq. (All) in Volk et al., 1997). also explain the differences between our FRF—mean-age cor-
relation and that of Newman et al. (2006), especially for
HCFC-141b; as growth rates became more linear the shape

g—)ri =—xo®) - Bo+yo—2-Bo-yo-A) of this correlation changed significantly. In 2009-2011 it be-
came very similar to that of HCFC-22, which has been grow-

dx _ gradient of mixing ratio against mean agd'at 0 ing more linearly since the 19905 (WMO, 2011).' .
dar This dependency contradicts a statement in our earlier
. . work (i.e. Laube et al., 2010a) where FRFs were referred

xo(t) —mixing ratio atl" =0 () to as “time-independent quantities”. Nevertheless we find

Here, o is a term describing the steady state loss rate, whiledo0d comparability with the extratropical FRFs from Laube
vo is again the effective tropospheric growth rate. Thus a cor-£t al- (2010a) (Figs. 3 to 5), indicating no substantial changes

rection for tropospheric growth needs to take into account noPetween late 2005 and December 2011. It is also possible
only yo but also its interaction witfo via the age spectrum thatthe FRFs of eight compounds (i.e. all except HCFC-141b
(A = A2/T as noted above) in the last term of Eq. (7). A @hd HCFC-142b) have not even changed significantly since

similar correction of FRFs (or of tracer correlations in gen- 2000 given that there were no substantial changes in trends.
eral) inside the stratosphere is not possible from observationghe differences with the correlations of Newman et al. (2006)
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could then instead be related to differences in mean age. Theange, which is equivalent to an infinite stratospheric life-
FRFs presented here are more up-to-date than the FRFs ustthe. The only reliable estimate for this compound is there-
in WMO (2011). However, with the available data it is not fore the lower end of the lifetime range, which is the mini-
possible to resolve their seasonality or the potential variabil-mum stratospheric lifetime. In addition, it is notable that our
ity introduced by the mean age part of these correlations.  results only just agree with the lifetimes in WMO (2011)
for one further compound. According to our best estimate
5.2 Stratospheric lifetime evaluation (and relative to a lifetime of 45 years for CFC-11), ¢Cl
should be considerably longer-lived than the value given in
Table 2 gives an overview of stratospheric lifetimes reportedWMO (2011).
in the most recent WMO Ozone Assessment (WMO, 2011), For CFC-12 we note a discrepancy regarding our CFC-
Volk et al. (1997), and those derived here including uncer-12/CFC-11 lifetime ratio (1.66), which is already smaller
tainty ranges. The latter were inferred from uncertainties in-than that of Volk et al. (1997) (1.92) but differs even more
troduced by the tracer versus CFC-11 and CFC-11 versufrom the one resulting from WMO reports (2.22). It has also
mean-age correlation slopes, and different widths of the agdeen noted in WMO (2011) that “evidence is emerging that
spectrum. For CEICCl; and HCFC-142b we also considered lifetimes for some important ODSs (e.g. CFC-11) may be
the maximum difference between our upper tropospheric andomewhat longer than reported in past assessments”. In the
NOAA NH mixing ratios (see Sect. 2). We generally find that case of CFC-11, this is supported by the study of Douglass
the stratospheric lifetime uncertainties are dominated by theet al. (2008), which suggested a range of 56 to 64 years
two slope uncertainties with a smaller contribution from the for its steady-state lifetime from a number of global mod-
different widths of the age spectrum. els with improved model transport schemes. With respect
Our stratospheric lifetimes were initially calculated as- to CFC-12 Douglass et al. (2008) concluded that the new
suming a lifetime of 45 years for CFC-11. Based on this model results agree better with previous lifetime estimates
assumption our stratospheric lifetimes agree with those iras compared to CFC-11. For these reasons we derive a sec-
WMO (2011) and Volk et al. (1997) within the uncertainty ond set of lifetimes by assuming a CFC-12 lifetime of 100
ranges for six compounds. It should be noted though that folyears as recommended in WMO (2011) but also because it
H-1211 only an overall lifetime is given in WMO (2011), and agrees with the range in Douglass et al. (2008). This here
that H-1301 and the three HCFCs were not evaluated in Volkranslates into a CFC-11 lifetime of 60.1 years (see Table 2),
et al. (1997). For three compounds (i.e. CFC-113, CFC-12which falls in the range suggested by Douglass et al. (2008).
and CHCCls), we find stratospheric lifetimes that are lower The resulting stratospheric lifetimes are in this case calcu-
than those in Volk et al. (1997) but still agree within the com- lated to be larger than those recommended by WMO (2011)
bined uncertainties — but not with those in WMO (2011). in 5 out of 8 cases. For CFC-11, HCFC-141b, H-1301 and
However, there is no uncertainty range given in WMO (2011) CCly, even the lower ends of our uncertainty ranges are larger
so the lifetimes could still agree within the combined respec-than the WMO lifetimes. These results should be assessed by
tive errors. For CHCCI3 we find a 42 % lower stratospheric global models, but it is clear that the sum of such increases
lifetime than the one presented in WMO (2011). A much would cause a significant delay in projections of the recovery
smaller stratospheric lifetime of GECls would result in a  of stratospheric ozone. For GBCI3 our stratospheric life-
number of implications. The overall atmospheric £THI3 time range (21 to 43 years) then agrees with the 39 years
lifetime of 5 years (WMO, 2011) is dominated by its OH given in WMO (2011). Using a CFC-11 lifetime of 60.1
loss. Replacing the stratospheric component with our estiyears and again directly replacing the stratospheric lifetime
mate would decrease its overall lifetime B0.43 years or  in WMO (2011) with our estimate, the resulting change in its
about 8 %. Because of its short lifetime with respect to OH, overall lifetime would be smaller and equate to a reduction
this compound has been used in a number of studies to estdf ~0.19 years or about 4 %.
mate levels of OH in the atmosphere (e.g. Krol et al., 2003; The last column in Table 2 shows the percentage changes
Prinn et al., 2005; Montzka et al., 2011). Therefore a sig-in stratospheric lifetimes that were induced through the
nificant stratospheric lifetime reduction would have an im- trend correction method. It is notable, that these corrections
pact on derived OH concentrations, which has the potential ta&hanged lifetime estimates by less than 5% for five of the
change the atmospheric lifetimes of a large number of trac&eompounds reported here: CFC-11, CFC-113, CFC-12, H-
gases that are dominated by reaction with OH. 1211, and CGJ. Due to their small current tropospheric
Table 2 also highlights the limitations of our method to de- growth rates in recent years (WMO, 2011), these compounds
rive lifetimes for compounds that are very long-lived in the can be considered as close to steady-state. Any unaccounted
stratosphere such as HCFC-22 and HCFC-142b. Because afaccuracy potentially inherent to our tropospheric trend cor-
the small loss rates, the corrected correlation slopes of thesection method would thus hardly affect the derived strato-
compounds are very small, which leads to large uncertaintyspheric lifetime ratios, which gives further confidence in the
ranges. In the case of HCFC-142b, we even calculate smallesults for these species.
negative slopes at the upper end of the lifetime uncertainty
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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 45 years. The CFC-11 lifetime of 60.1 years in our work results from assuming a CFC-12 lifetime of 100 years. The
uncertainty ranges were derived via Eq. (6) by considering the slope uncertainty in the CFC-11-mean-age correlation as given in the text,
slope uncertainties in tracer-CFC-11 correlations (see the Supplement), and values of 0.7 to A.7Eofensure comparability with the

work of Volk et al. (1997), we adopt A value of 1.25 for our lifetime calculations.

| Stratospheric lifetimes

Compound

| wwmo (2011) Volk et al. (1997) This work
CFC-11=45 CFC-11=60.1 Ratioto CFC-11 % change from
years years trend correction
CFC-11 45 (45) (45) 60 1 0.7
(54-67)
CFC-113 85 101+ 28 62 82 1.37 -43
(55-69) (74-93)
CFC-12 100 86+ 11 75 (100) 1.66 -0.7
(67-84)
HCFC-141b 64.9 - 91 122 2.02 40
(52-340) (70-454)
HCFC-142b 160 - 304 406 6.75 80
(104-00) (139-00)
HCFC-22 186 - 138 184 3.06 58
(84-484) (113-647)
H-1301 65 - 62 82 1.37 15
(56-69) (75-93)
H-1211 - 23+5 27 36 0.61 0.5
(24-31) (32-41)
CCly 35 32+4 39 53 0.87 -4.4
(34-47) (45-62)
CHaCCla 39 34+5 22 30 0.50 -155
(15-32) (21-43)
5.3 Ozone depletion potentials Using the two different lifetimes for CFC-11 (i.e. 45 and

60 years) has a smaller influence on ODPs as compared to
FRFs and stratospheric lifetimes as calculated in the previFRFs, as the respective lifetime changes of all other com-
ous sections provide the ingredients for a reassessment of gounds are in the same direction, and are thus partly com-
key quantity: the semi-empirical ozone depletion potential. pensated for in Eq. (8). Longer lifetimes have no influence at
These can be derived via Eq. (8), which has been adaptegl| in the case of stratospheric lifetimes being equivalent to
from Daniel and Velders (2007). the overall atmospheric lifetime (i.e. for CFC-12, CFC-113,
FRR T Mcre-11 1 and H-1301) as the lifetime ratio then remains unchanged.
"FRFcrco11 Toreo11 | M; 3 (8) In the case of significant extra-stratospheric sinks, the ODPs
fare generally found to decrease with increasing stratospheric

where « is relative ozone destruction effectiveness of 7~ 0
bromine as compared to chlorine (here 60 as recommende!cqet'me' This is caused by the fact that a downscaled change

in WMO (2011) for mid-latitudes), is the number of in overall lifetime is then related to a bigger change in CFC-

bromine/chlorine atoms; is the overall atmospheric life- 1+ Iln‘etlme ”;] Eq. I'(i). In the case of the Hg':bcs' tlhe ac-
time, and is molecular mass. tual stratospheric lifetimes are accompanied by a large un-

In the case of CEC-11. CEC-12. CEC-113 and H- Certainty range. However, this has very little influence on the
1301, where no significant tropospheric sinks exist, WeODP as the _ov_ergll Iifeti_mes of these compounds are domi-
use our newly calculated stratospheric lifetimes as equiv-nated by thel_r Iifetime with respect to OH'.

In comparison to WMO (2011), we find lower ODPs

alent to the overall atmospheric lifetimes. For the remain—f ds. To bl his i |
ing six molecules, we use our calculated stratospheric life-fOr MOSt compounds. To place this into context, our values
ould lead to a 22 % reduction in the equivalent chlorine re-

times along with the non-stratospheric losses reported i d by th d f3 i
WMO (2011) to recalculate overall lifetimes. For H-1211 eased by these compounds at a mean age of 3 years (i.e.

only the overall lifetime is given in WMO (2011), so we from 1121 to 871 ppt in January 2010). The reduction_s are
use the tropospheric lifetime of 23 years from Burkholder most pronouncgd for the three HCFCs, where, depending on
et al. (1991) combined with our calculated stratospheric Iife—the CFC'“ I_|fet|me, we calculate ODPs that are 30.t0 §O &
time. For comparability to WMO (2011), we calculate new (CFC-11 lifetime of 45 years) 0”}6 t0 70 % (CFC-11 I'fet'me

ODPs from our mid-latitudinal FRFs only. The FRFs at a of 60 years) smaller than those in WMO (2011). Reductions
mean age of 3 years and the resulting ODPs are shown i|9f 13 and 26 % are found for the ODP of H-1211, whereas for

Table 3, both in comparison to values from WMO (2011). H-1301 we derive an 18 % higher ODP. The latter change in

ODP, = (o - ngr,i +1c1.i)
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Table 3. Overview of FRFs derived from mid-latitude polynomial fit functions (see Supplement) at a mean age of 3 years. 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 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.

FRF atl' = 3 years \ Semi-empirical ODPs

Compound
WMO (2011) This work WMO (2011) This work, CFC-11=
45y 60.1y
CFC-11 0.47 0.35 1 1 1
(0.32-0.39)
CFC-113 0.29 0.22 0.85 0.63 0.63
(0.20-0.25) (0.57-0.69) (0.57-0.69)
CFC-12 0.23 0.19 0.82 0.67 0.67
(0.16-0.21) (0.59-0.75) (0.59-0.75)
HCFC-141b 0.34 0.17 0.12 0.082 0.063
(0.14-0.21) (0.066-0.099) (0.051-0.076)
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 0.019
(0.05-0.08) (0.019-0.032) (0.015-0.025)
H-1301 0.28 0.26 15.9 18.7 18.7
(0.24-0.29) (17.0-20.3) (17.0-20.3)
H-1211 0.62 0.52 7.9 6.9 5.8
(0.48-0.56) (6.2-7.7) (5.2-6.5)
CCly 0.56 0.42 0.82 0.90 0.82
(0.39-0.46) (0.84-0.96) (0.77-0.87)
CH3CCl3 0.67 0.61 0.16 0.18 0.14
(0.56-0.65) (0.17-0.20) (0.13-0.16)

ODP is mostly induced by the lower FRF of CFC-11 as our FRFs with mean age of air should thus only be considered

H-1301 FRF does not differ much from that in WMO (2011). as time-independent as long as there are no major changes in
It should also be noted that differences to WMO values arestratospheric transport or relative tropospheric growth rates.
intensified through the exclusive use of mid-latitude data inWhen using such correlations the uncertainties connected to
our study. As already stated in Sect. 4.1, we find less fracthe mean age of air and its calculation could be very sub-
tional release in mid-latitudes as compared to high latitudesstantial. We can, for instance, not assess seasonal or hemi-
Although a mean age of 3 years is supposed to represent micgpheric variability with the available data set. However, we
latitudes, the values in WMO (2011) are mostly based ondo find differences between mid- and high-Ilatitude fractional
correlations from Newman et al. (2006, 2007) which orig- release, and this should be taken into account when assessing
inate from both mid- and high-latitude data (52 to 88, ozone recovery scenarios for different latitudinal regions. It
Schauffler et al., 2003). Our results suggest that it may be reds also recommended to further investigate the variability of
ommendable to distinguish between these two stratospherithe FRF—mean-age correlations as they have the potential to
regions. significantly alter the projected time of stratospheric ozone
recovery.

The stratospheric lifetimes derived here depend on a re-
liable estimate of the lifetime of CFC-11, as they are cal-
culated relative to it. When adopting a lifetime of 45 years
We have reassessed three policy-relevant parameters fers recommended by WMO (2011), we find agreement with
10 important ozone-depleting substances: fractional releasether WMO lifetimes within our uncertainties for 5 of the
steady-state lifetimes, and semi-empirical ODPs. For the deg8 compounds reported in both works. However, our best
rived correlations of FRFs with mean age, we find differ- estimates suggest a 42 % reduced stratospheric lifetime of
ences to the work of Newman et al. (2006) which could beCH3CClz. Using a CFC-12 lifetime of 100 years yields a
related to differences in mean age. Especially in the cas€€FC-11 lifetime of 60 years, which agrees with the range
of HCFC-141b and HCFC-142b, the differences might ad-that has recently been inferred by models (Douglass et al.,
ditionally be related to temporal changes in relative tropo-2008). A longer CFC-11 lifetime then reduces thesCi€l3
spheric growth rates. Experimentally derived correlations of

6 Conclusions
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