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Abstract. The rates at which ozone-depleting substancesadditional emission of about 7 Mt CFC-11eq. (eq. — equiv-
(ODSs) are removed from the atmosphere, which determinalent) in 2015, which is the same as about 2 times the pro-
the lifetimes of these ODSs, are key factors for determin-jected cumulative anthropogenic emissions of all ODSs from
ing the rate of ozone layer recovery in the coming decades2014 to 2050, or about 12 times the projected cumulative
We present here a comprehensive uncertainty analysis of fuHCFC emissions from 2014 to 2050.

ture mixing ratios of ODSs, levels of equivalent effective
stratospheric chlorine (EESC), ozone depletion potentials,

and global warming potentials (GWPS), using, among other

information, the 2013 WCRP/SPARC (World Climate Re- 1  Introduction

search Programme/Stratospheric Processes and their Role in

Climate) assessment of lifetimes of ODSs and their uncerProjections of the mixing ratios of ozone-depleting sub-
tainties. The year EESC returns to pre-1980 levels, a metri$tances (ODSs) and the levels of chlorine and bromine in
commonly used to indicate a level of recovery from ODS- the stratosphere require knowledge of future production and
induced ozone depletion, is 2048 for midlatitudes and 20750sSs processes in addition to current atmospheric abundances
for Antarctic conditions based on the lifetimes from the and amounts of ODSs present in existing equipment. In
SPARC assessment, which is about 2 and 4 yr, respectivelghe past five WMO/UNEP (World Meteorological Organi-
later than based on the lifetimes from the WMO (World Me- zation/United Nations Environment Programme) Scientific
teorological Organization) assessment of 2011. However, thé\ssessments of Ozone Depletion (WMO, 1995, 1999, 2003,
uncertainty in this return to 1980 levels is much larger than2007, 2011) a box model has been used to calculate mixing
the shift due to this change in lifetimes. The year EESC re-fatios and equivalent effective stratospheric chlorine (EESC)
turns to pre-1980 levels ranges from 2039 to 2064 (95 %from historic data and future projections of ODSs. EESC is
confidence interval) for midlatitudes and from 2061 to 2105 an index that relates the time evolution of long-lived ODSs
for the Antarctic spring. The primary contribution to these in the troposphere with their ability to destroy stratospheric
ranges comes from the uncertainty in the lifetimes, with 0zone (Daniel et al., 1995, 2010; WMO, 2011). Uncertain-
smaller contributions from uncertainties in other modeled pa-ties in parameters and their effects on mixing ratios and
rameters. The earlier years of the return estimates derived bESC levels have not received much attention. Newman et
the uncertainty analysis, i.e., 2039 for midlatitudes and 20612l. (2007) reformulated EESC by using the age-of-air spec-
for Antarctic spring, are comparable to a hypothetical sce-trum and age-of-air dependent fractional release values and
nario in which emissions of ODSs cease in 2014. The late@nalyzed the effects of uncertainty in these parameters on
end of the range, i.e., 2064 for midlatitudes and 2105 forEESC. They found that the largest uncertainties in EESC are

Antarctic Spring’ can also be obtained by a scenario with arﬁSSOCiated with the mean age of airin the stratosphere and the
fractional release of halogens from ODSs in the stratosphere.
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Daniel et al. (2007) studied the effects of different assump-and changes in temperature and circulation in the atmo-
tions for the amounts of ODSs present in existing equipmensphere. These other factors are not considered here.
on future EESC levels. One of the key pieces of informa- The model, input data, lifetimes, and uncertainties in input
tion for calculating future mixing ratios and EESC and for parameters are discussed in Sect. 2. The results of the box
estimate past ODS emissions from observed mixing ratios isnodel calculations and the effects of the uncertainties in the
knowledge of the ODS lifetimes; yet, to our knowledge, an lifetimes and other parameters on mixing ratios and EESC
uncertainty analysis has not been performed with respect tare presented in Sect. 3. Uncertainties in the radiative forcing
lifetime uncertainties. Douglass et al. (2008) suggested thatf ODSs are found in Sect. 4. In Sect. 5 and 6 uncertainties in
past estimates of the CFC (chlorofluorocarbon)-11 lifetimeODPs and GWPs are presented. A discussion of the results
were too short and that longer lifetimes are found by mod-follows in Sect. 7 and the conclusions in Sect. 8.
els that more accurately simulate atmospheric circulation and
the age of air in the stratosphere. The WMO/UNEP assess-
ment (WMO, 2011) indeed concluded that there was emerg2 Model and input description
ing evidence that the lifetimes of some important ODSs (e.qg.,
CFC-11) may be somewhat longer than previously reported2.1 Box model
(Montzka and Reimann, 2011). Since then several papers
have been published on lifetimes of ODSs (Laube et al.For the calculation of mixing ratios and EESC the box
2013; Minschwaner et al., 2013; Rigby et al., 2013; Brown model and data are almost identical to what was used in the
et al., 2013) and an assessment of lifetimes has been corgcientific assessment of ozone depletion: 2M#niel and
ducted by the World Climate Research Programme (WCRP)elders, 2011). There are only a few minor exceptions. One
Stratospheric Processes And their Role in Climate (SPARCYifference is the use of the age-of-air spectrum from New-
project (SPARC, 2013). In the SPARC assessment, a new sehan et al. (2007) and age-of-air dependent, fractional re-
of recommended lifetimes were presented based on calculdease values from Newman et al. (2006) in the calculation
tions with atmospheric chemistry-transport models, analysisof EESC here. These fractional release values have also been
of observations at the surface and in the stratosphere, lahised in WMO (2011), but only for discrete ages of air in
oratory analysis of chemical reactions and photolysis ratesmidlatitude (3yr) and Antarctic (5.5yr) conditions. These
and on inverse modeling. Apart from a new set of lifetimes, achanges in methodology are necessary for the Monte Carlo
complete uncertainty analysis of lifetimes for each of the ma-uncertainty analysis. It should be noted that the fractional
jor halogenated ODSs was presented for the first time. Theelease of any particular ODS varies throughout the strato-
uncertainties in the lifetimes are considerable, ranging fromsphere and that generally more of the source gas will have
3 to 33% (), with significant implications for projecting been destroyed in air that has been longer in the stratosphere
the decay of ODS concentrations in the atmosphere. The neHall, 2000). Fractional release is a simplistic way to relate
lifetimes and associated uncertainties and their effects on futhe relative contribution of each source gas to the total equiv-
ture EESC levels are the basis of the analysis presented heralent chlorine at any stratospheric location or to the partic-
Four items are explored. First, the effects of the newular stratospheric age of air (i.e., the time the air parcel has
SPARC (2013) lifetimes on future mixing ratios of ODSs resided in the stratosphere). The age of air appropriate for the
and EESC levels are evaluated by comparing these valuesiidlatitude, lower stratosphere is about 3yr. Thus, the frac-
with those calculated using the lifetimes from WMO (2011). tional release values associated with 3 yr-old air are generally
Second, the effects of the uncertainties in the lifetimes onused for calculating midlatitude EESC that is appropriate for
mixing ratios and EESC levels are discussed. Third, a commidlatitude stratospheric ozone depletion; values associated
plete uncertainty analysis is performed for the calculationswith 5.5 yr-old air are appropriate for representing springtime
of EESC levels and the year of return to 1980 EESC levelgpolar conditions (Newman et al., 2006, 2007). In this work,
as well as for estimates of ODS radiative forcing, by con-we use these two air ages to calculate EESC at midlatitudes
sidering uncertainties and correlations in uncertainties of alland for springtime Antarctic conditions, but also incorporate
the relevant parameters. Fourth, ozone-depletion potentialgariations from these fixed values in incorporating the age
(ODPs), global warming potentials (GWPs), and their uncer-spectra of stratospheric air in the uncertainty analysis. While
tainties are calculated using the new lifetime information.  we refer to these two representative conditions, it should be
Here we focus on the long-lived chlorine and bromine remembered that fractional release values, and thus EESC,
containing species and EESC as a measure of the amouekperience a range of values throughout the stratosphere and
of active chlorine/bromine in the stratosphere available tothat it is incorrect to think of these as single fixed values over
cause ozone depletion. We recognize that other factors ara range of locations for any given time. Furthermore, circula-
also important for the future development of the ozonetion and other variability lead to variability in both fractional
layer, such as future concentrations of nitrous oxidgQN release and EESC. It should also be recognized that in the
methane (CH), very short-lived halogen containing species, semiempirical ODP formula (Sect. 5) the key quantity is the
ratio of the fractional release of an ODS to that of CFC-11,
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this ratio tends to be a more robust quantity for a range offrom historical estimates of cumulative production and emis-
ages than do the fractional release values themselves. sion, with the differences between the cumulative values
In the box model, EESC is calculated for midlatitude and through today representing the current banks. However, be-
Antarctic conditions from surface mixing ratios. The surface cause the bank sizes are generally small compared with these
global mean mixing ratio of specific ODSs calculated us- cumulative and somewhat uncertain values, the uncertainties

ing Eq. (1), in this approach could be large. Therefore, the bank sizes for
a starting year (2008 here) are based on so-called bottom-up

@ =FE; — ﬁ, (1) estimates from inventories of equipment containing a partic-

dt Ti ular ODS (IPCC/TEAP, 2005; UNEP, 2009). With annual re-

I- ported production and top-down derived emissions the banks
can be calculated backwards and forwards in time starting
from this 2008 point. For historical bank estimates in years
further away from 2008, it is expected that bank uncertain-
ties will increase because of the previously mentioned uncer-
tainties in the cumulative production and emission numbers.
NaFsut  Fsurfx 5.68x 107° However, by doing the analysis in this way, this uncertainty
Fi= M Namm M; ’ 2) primarily affects our results through the emission factor as
each year uncertainties in the bank size will affect the esti-
whereM;is the molecular weight (kg moté), Na the Avo-  mate of the emission factor.
gadro constantVam the number of molecules in the global ~ The following step-by-step approach is used to obtain a
atmosphere, and'sys is a factor relating the global mean mixing ratio time series from 1950 to 2120. First, histori-
surface mixing ratio to the global mean atmospheric mix- cal top-down emissions from 1979 to 2008 are derived from
ing ratio. The factoFsys is meant to account for the general observed mixing ratios and lifetimes. Emissions and mix-
decrease of the ODS mixing ratios with altitude above theing ratios before 1979 were derived from a combination of
tropopause, and for some molecules like4BH even in the  bottom-up emission estimates and top-down estimates from
troposphereFs,f was taken to be 1.07 for all ODSs (WMO, mixing ratios extrapolated backward in time (WMO, 2003,
2007, 2011), except for G3Br for which 1.16 was taken as 2007, 2011). Second, bank sizes are calculated backwards
in WMO (2011) (see Table 2). Using a constant f@g, ne- starting in 2008 using reported production data and top-down
glects changes in this factor that could be caused by changesmissions. Third, emission factors for future emissions are
in circulation or by the variability of the surface emission calculated as the 10 yr average of the fraction of the emission
(and the resulting variability in the atmospheric vertical dis- over the bank (1999-2008). Fourth, projections of mixing ra-
tribution). tios are calculated using the box model (Eqg. 1) out to 2120.
For the emissions in the model a different approach is EESC is calculated using these mixing ratios, fractional
used for historic emissions than for future emissions. As inrelease values, a time lag (age of air) for air to be trans-
WMO (2011), historical annual emissions are derived, us-ported from the surface to the relevant region of the strato-
ing Eq. (1), from observed mixing ratios and the lifetimes sphere, and a factar to account for the relative effective-
of the ODSs. This so-called top-down approach is taken beness of bromine compared with chlorine for ozone deple-
cause the ODSs are long-lived and the global mixing ratiogtion. A value of 60 is used fo# for midlatitude conditions
and lifetimes are thought to be known more accurately tharand 65 for Antarctic springtime conditions (WMO, 2007,
are independently derived bottom-up emissions. Future emis2011). The single values for the 3yr age of air for midlati-
sions are estimated from a scenario of future production, fol4tude conditions and 5.5 yr for Antarctic conditions, used in
lowing the maximum allowed production under the Montreal WMO (2011), are replaced by age-of-air spectra from New-
Protocol (in combination with an extrapolation of observed man et al. (2007) with the same mean ages as before. The
trends over a few years for HCFCs), and the amounts offractional release values of the ODSs corresponding to the
ODSs present in existing equipment and applications, gener3 and 5.5 yr mean ages of air are replaced by functions de-
ally called “banks”. Banks here are defined as the quantity ofscribing the age-of-air dependence of the fractional releases
ODSs produced but not yet emitted to the atmosphere. ThesgNewman et al., 2006). These functions yield the same values
quantities will be present mostly in refrigeration and air con- for the 3 and 5.5 yr ages of air as those used in WMO (2011),
ditioning units and foams, but can also be in landfills. Futureexcept for two. As argued in WMO (2011), the abundances
annual production is added directly to the bank in each re-of HCFC-141b and HCFC-142b were small and had large
spective year. Future emissions are then estimated directlfemporal trends at the time the measurements upon which
from future bank sizes by assuming the fractional rate of re-these fractional release values are based were made, lead-
lease from the banks (emission factor) for each ODS remaingng to large uncertainties. Therefore, the functions describing
the same as it has been when averaged over the previous 10#re age-of-air dependent fractional release values for HCFC-
(1999-2008). The present bank values could be determineti41b and HCFC-142b were not used in WMO (2011), but

wherep; is the mean surface mixing ratio (ppt — parts per tri
lion), 7; is the total lifetime (years)E; is the emission rate
(kgyr1). F; (pptkg1) is a factor that relates the mass emit-
ted to the global mean mixing ratio as expressed by Eq. (2)
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instead values from WMO (2007) were used. Here, age-ofhow to quantify this extrapolation uncertainty, it is not in-
air dependent fractional release values for HCFC-141b anatluded in our uncertainty analysis.
HCFC-142b are used by adjusting the functions of Newman In addition to the baseline scenario, a zero emissions (from
et al. (2006) to be in better agreement with the values used ir2014 onward) scenario (see also Daniel and Velders, 2011))
WMO (2011, 2007) for 3 and 5.5 yr mean ages and with theis used to put the results in perspective of the maximum mit-
curves of other ODS (see footnote in Table 2). igation that could be accomplished for ODSs, barring active
Recently new fractional release values with associated unremoval from the atmosphere.
certainties have been reported by Laube et al. (2013). The ab- As described in Sect. 2.1 the bank of ODSs for the year
solute values derived by Laube et al. (2013) are about 20 %2008 is used as a constraint for the future calculations with
smaller than those derived by Newman et al. (2006), andhe model. These bottom-up estimates are derived from in-
those used in WMO (2011). Although this 20 % does resultventories of the number of units of equipment that use a par-
in smaller EESC levels, it hardly changes the EESC curveticular ODS and the amount of ODS in each unit. The bank
shape, and the year EESC returns to pre-1980 levels is onlgizes used here are those used in WMO (2011) and reported
changed by about 1 yr for midlatitude conditions. For Antarc- by IPCC/TEAP (2009).
tic spring conditions the year EESC returns to pre-1980 lev- Another constraint for the model calculations is the ob-
elsis about 5 yr earlier with the fractional release values fromserved surface mixing ratios, which are used to derive top-
Laube et al. (2013) than with those from WMO (2011). As down emission estimates and as a starting point for the mix-
discussed by Laube et al. (2013), the differences in fractionaing ratio projections. The observations up to the beginning of
release values are probably caused by differences in the d&009 are from WMO (2011) for all ODSs. For most species
termination of the age of air in the measurements and bythey are based on the average of the annual global mean val-
interannual variability in the fractional release of the halo- ues from the AGAGE (Advanced Global Atmospheric Gases
gens. Since both sets of fractional release values yield abouExperiment) and NOAA/ESRL (National Oceanic and At-
the same EESC time series shape, we choose to use theospheric Administration/Earth System Research Labora-
recommended fractional release values from WMO (2011)tory) networks.
Thus, in our uncertainty analysis for EESC, only the Laube
et al. (2013) fractional release uncertainty percentages have.3 Lifetimes of ODSs
been used, not the absolute fractional release values. How-
ever, the fractional release values from Laube et al. (2013)The lifetimes of ODSs can be estimated from their loss rates
have been applied for sensitivity analyses in the calculatiorand play an important role in the model calculations. A num-
of ODPs (Sect. 5). ber of the ODSs — all CFCs, C£and halon-1301 — are re-
Following the approach taken in past ozone assessmentspoved primarily by photolysis in the stratosphere (SPARC,
two quantities are derived from the EESC time series,2013). The lifetimes of these ODSs depend on the absorp-
namely, the year EESC returns to a pre-1980 level and thdion cross sections of the ODSs and solar irradiances, which
integrated EESC above the 1980 level. These quantities haveartially depend on oxygen and ozone opacities. The de-
been used extensively to compare different ODS scenariopendence on the solar irradiances and opacities means that
(WMO, 2003, 2007, 2011). the uncertainties in these ODS photolysis rates, and conse-
qguently the lifetimes, are strongly correlated.
2.2 ODS production, banks, and observed mixing ratios Other ODSs — all HCFCs, G3€Cl3, halon-1211, -1202
and -2402, CHBr and CHCI — are removed primarily in
We use production data from 1986 to 2008 that have beerthe troposphere by reaction with the hydroxyl radical (OH),
officially reported by countries to UNEP. For the production although a significant fraction of halon-1211 and halon-2402
from 2009 and after, the data from the baseline scenario ofs removed in the stratosphere (SPARC, 2013). Therefore,
WMO (Daniel and Velders, 2011) is used. Apart from being the uncertainty in the lifetime of these ODSs depends on the
used as feedstock, there is no known remaining productioruncertainty in the OH radical abundance in the troposphere.
of CClj4 for its historical primary uses (e.g., as a solvent) andThe uncertainties of these ODS lifetimes are therefore also
also no corresponding bank, but there are still considerablatrongly correlated.
emissions as derived from observed mixing ratios. There- Inthe model calculations the total steady-state lifetimes as
fore, following WMO (2011), the relative annual change in reported by WMO (2011) are used as well as those reported
emission from 2004 to 2008 is extrapolated from 2009 toby SPARC (2013). The effect of the differences in lifetimes
2050. As a consequence of this approach, these future emign future mixing ratios and EESC is examined (Sect. 3.1).
sions depend on the lifetime of C{$ince it is a key factor Simulations with several 2-D and 3-D atmospheric
for deriving its top-down emissions over the last few years.chemistry-transport models reported by SPARC (2013) show
This uncertainty in the source of current G@missions also  instantaneous lifetimes from 1960 to 2010 that deviate some-
suggests that future CL£emissions are more uncertain than what from the steady-state lifetimes. Instantaneous life-
emissions for most of the other ODSs; because it is not cleatimes of most ODSs decrease from 1960 to 2010, most
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Table 1.Lifetimes and uncertainties of ODSs from WMO (2011) and SPARC (2013).

Steady-state lifetime (yr) Uncertainty in lifetimeo(1®

WMO (2011) SPARC (2013) Possible Most likely
CFC-11 45 52 +22% +11%
CFC-12 100 102 +15% +8%
CFC-113 85 93 +17% 7%
CFC-114 190 189 +12%
CFC-115 1020 540 +17%
CCly 262 30 +17% +12%
CH3CCl3 507 4.8 +3%
HCFC-22 11.9 12 +16%
HCFC-141b 9.2 9.4 +15%
HCFC-142b 17.2 18 +14%
Halon-1211 16 16 +29%
Halon-1202 2.9 25 +33%
Halon-1301 65 72 +13% +9%
Halon-2402 20 28 +19%
CH3Br 0.75%b 0.72 +17%
CH3Cl 1.7 0.9 +18%

2 Losses due to oceanic and soil processes are taken into account using values from WMO (2011). The
partial lifetime for CC}, is 44 yr for atmospheric loss and 94 yr for oceanic loss (Yvon-Lewis and Butler,
2002). The partial lifetime for CEICClg is 5.0 yr for atmospheric loss and 94 yr for oceanic loss. The
partial lifetime for CHBr is 1.5 yr for atmospheric loss, 2.2—2.4 yr for oceanic loss, and 3.3-3.4 yr for soil
loss. The partial lifetime for CEICl is 1.3 yr for atmospheric loss and 3 yr for oceanic and soil loss.

b 1n WMO (2011) a best-estimate lifetime for GBr of 0.8 yr is reported, but in the scenario calculations a
value of 0.75yr is used to be consistent with earlier emission estimates.

€ Uncertainty in only the atmospheric loss rate (inverse of the lifetime) from SPARC (2013) is taken into
account. This is relevant for Cglfor which the uncertainty could change if the uncertainty in the partial
lifetime due to oceanic loss (82-191 yr; WMO, 2011) were to be taken into account.

dramatically in the early years of their use, mainly as a re-release values, (7) the factax)(for bromine efficiency in
sult of large fractional trends in atmospheric concentrationsozone depletion, (8) mean age of air, and (9) the factor re-
that lead to strong changes in relative mixing ratios in re-lating the surface mixing ratio to the average atmospheric
gions close to emissions compared with regions close tamixing ratio (Fsyrf). In calculating the radiative forcing and
losses (Martinerie et al., 2009). The model calculations shownGWPs of ODSs an additional uncertainty in the radiative ef-
only a small trend in lifetimes from 2010 to 2100. These ficiency is taken into account. Farand the mean age of air,
time-varying instantaneous lifetimes have not been used irifferent values are used for midlatitude and Antarctic con-
the calculations here, since their effects on mixing ratios orditions. See Tables 1 and 2 for an overview of all the uncer-
inverse-derived emissions are relatively small. The instantatainties used. In SPARC (2013) two uncertainty ranges are
neous lifetimes of CFC-11 and CFC-12 are about 50 % largegiven for the ODS loss rate and lifetime, a “possible range”
than the steady-state lifetimes around 1960, with the dif-and a “most likely” range. These ranges differ among ODSs
ference decreasing to about 20 % around 1980 and beconfer which different methods have been used to derive the loss
ing even smaller towards 2010. Annual emissions of CFC-rate, such as modeling with atmospheric chemistry-transport
11 and CFC-12 derived from observed mixing ratios usingmodels, inverse modeling using observed mixing ratios, anal-
these instantaneous lifetimes are only 0—-4 % smaller over thgsis of satellite data, or tracer-tracer studies. The “possible
period 1960-2010 than those derived using the steady-statenge” is derived from the joint distribution of the different

lifetimes. methods and is likely an overestimation of the true uncer-
. . tainty, since it reflects the full range in the lifetime estimates.
2.4 Parameters for Monte Carlo uncertainty analysis The “most likely range” is derived from the combined distri-

bution of the different methods and represents the variability

A qute _Carlo analysis is usgd to e§t|mate the total U""of the best estimate. This range is likely an underestimation
certainty in EESC and the estimated time to return to pre-

1980 EESC levels. It thi vsi o i ‘ff the true uncertainty since, for example, it assumes the dif-
evels. It this analysis, uncertainties are appli€G o methods are uncorrelated and that they are estimating
to all relevant parameters, including (1) annual historic and

the same quantity. Both uncertainty ranges are presented and

_future _production, .(2) bank sizes of 2_008’ (3) observed rniX'discussed in our uncertainty analysis because the uncertainty
ing ratios, (4) fraction of the bank emitted annualb), (5)

loss rate (inverse of the lifetime) of the ODSs, (6) fractional
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Table 2. Parameters and uncertainties used in the model calculations.

Value Uncertainty (&) Note
Lifetimes through oxygen photolysis  see Table 1 see Table10.9 (d)
Lifetimes through OH abundance see Table 1 see Tahle0.9 (e)
Production data WMO (2011) +5% ®
Bank size of 2008 WMO (2011)(a) + 10 % for CFC-12, CFC-115, HCFC-22,20 % for other ODSs  (Q)
Emission factor £ ) Calculated +10% for CFC-12, CFC-115, HCFC-22,20 % for other ODSs  (g)
Alpha (@) midlatitudes 60 +25% (h, i)
Alpha (@) Antarctic 65 +25% (h, i)
Mean age of air, midlatitudes 3.0yr +0.3yr 0]
Mean age of air, Antarctic 5.5yr +0.3yr @
Fractional release Newman et al. (2006)(b}t 20 % for HCFCs# 10 % for other ODSs )]
Observed mixing ratios - +0.1ppt,y=0.9 (k)
Surface factor Esyrf) 1.07(c) +3% o
Radiative efficiency WMO (2011) +5% (m)
Absolute GWP of CQ IPCC (2007) +9%,+13%,+15% (n)

(a) The sizes of the banks in 2008 as used in WMO (2011). The following bank sizes are from bottom-up analysis of TEAP (2009): 1,420 kt for CFC-11, 394 kt for CFC-12, 16 kt for
CFC-115, 1,618 kt for HCFC-22, 941 kt for HCFC-141b, 273 kt for HCFC-142b, 74 kt for halon-1211, and 47 kt for halon-1301. The following bank sizes are estimated in WMO (2011
25kt for CFC-113, 15kt for CFC-114, and 11 kt for halon-2402.

(b) Fractional release values depend on the age of air. The parameterizations of Newman et al. (2006) are used here, except for HCFC-141b and HCFC-142b. As argued in WMO (:
the abundances of HCFC-141b and HCFC-142b were small and had large temporal trends at the time the measurements upon which these fractional release values are based wer:
leading to large uncertainties. Therefore, the functions describing the age-of-air dependent fractional release values for HCFC-141b have been adjusted to be in agreement with the
used in WMO (2011) for 3 and 5.5 yr mean ages. The functions of HCFC-142b have also been adjusted to be in agreement with the value in WMO (2011) for 3 yr mean age of air an
follow the shape of the curves of HCFC-141b. The fractional release value for HCFC-142b for 5.5 yr mean age of air in Newman et al. (2006) and WMO (2011) are much lower than'
values of similar ODSs and has therefore not been used. For the 5.5 yr mean age of air a fractional release value of 0.65 for HCFC-142b has been used to obtain an age-of-air depe
fractional release curve resembling the one for HCFC-141b. The functions for the fractional release used are: for HCFE-1.826388« age® +0.051503« age; for HCFC-142b, £
0.024739% age? — 0.017885x age.

(c) A value of 1.16 is used for C4Br, as was done in WMO (2011). The molar mass of the troposphere is about 0.82 times the molar mass of the whole atmosphere. Assuming that at
95 % of the molar mass of GiBr is in the troposphere (based on Yvon-Lewis et al., 2009) yields a surface factor of 1.16. The surface factor of 1.07 implies that 88 % of an ODS is in tt
troposphere.

(d) The correlation in the lifetime uncertainty of species that are mainly destroyed in the stratosphere by photolysis (GFg] B&bn-1301) is assumed to be large. A correlation
coefficient §/) of 0.9 means a 67:33 distribution of the random numbers in Eq. (3). This roughly corresponds with the analysis in SPARC (2013) of the different contributions to the
uncertainty in the total ODS lifetime.

(e) The correlation in uncertainty in lifetimes of species that are mainly destroyed in the troposphere by reaction with OH (HGEC#;,®idlon-1211, halon-1202, halon-2402,

CHj3Br, CH3Cl) is assumed to be large. A correlation coefficignt ¢f 0.9 means a 67:33 distribution of the random numbers in Eq. (3). The fact that a significant fraction of halon-1211
and -2402 is removed in the stratosphere is ignored in the correlation coefficient.

(f) The uncertainty in global production data-f5 % (1) is assumed. The historic production data is from a small number of companies and is officially reported by countries to UNEP
(2010).

(g) An uncertainty (lower and upper threshold) of 18.2 % (interpreted heyesjiven for the bank sizes of refrigerants in TEAP/RTOC (2011). An uncertainty (lower and upper threshold)
of 26.6 % (interpreted herer is given for the emissions of refrigerants in TEAP/RTOC (2011). In combination with the uncertainty in the banks (see g), this yields an uncertainty in the
emission factor of about 10 % (10). An uncertainty ot 10 % (1) is therefore applied to the banks and emission factors of ODSs that are mainly used as refrigerant and for which the
bank size is from TEAP (2009). A larger uncertainty4020 % (1) is assumed for the banks and emission factors of ODSs that are used mainly in foams, solvents and fire extinguisher:
(h) Alpha () value from WMO (2011).

(i) Uncertainty from Newman et al. (2007).

() Uncertainty from Laube et al. (2013).

(k) An uncertainty if the global and annual average observed mixing ratto®1l ppt (Ir) is assumed with time correlation coefficiept (of 0.9.

() An uncertainty of+ 3 % (o) is assumed following Daniel and Velders (2007).

(m) An uncertainty ot: 5% (1o) is used, based on a reported uncertainty:-df0 % (assumed to bex3 by IPCC (2001).

(n) Uncertainties oft 9 %, + 13 %, andt 15 % (1) are used for the absolute GWP of €0~ Rco, - Ico, in Eq. 7) for time horizons of 20, 100, and 500 yr, respectively, from Joos et

al. (2013) and IPCC (2013).

in the lifetimes is the most important parameter in the analy-,_; :a(L-).(randon(l)-y+randon(2)- 1_y2) (3)
sis. o l ’

As mentioned in Sect. 2.3 the loss rates of the ODSs tha\tNherea(L,-) is the uncertainty in the loss rate and “ran-

are removed mainly in the stratosphere all depend on th%om()” indicates a random number drawn from a normal

oxygen and ozone opacity and solar irradiances. As a CONgistribution (N(0,1)). Correlation between loss ratesL;)

sequence, the uncertainty in the loss rates of these SPecies jitferent ODSs is obtained by applying the same ran-
is correlated. This correlation is taken into account in the

X . dom number (random (1)) to all ODSs that are destroyed
Monte Carlo analysis by applying two random numbers to » ( (1)) y

. L mainly by photolysis in the stratosphere. A default correla-
determine the loss rate of an ODS. A rgndom varlat|on.of thetion coefficienty of 0.9 is assumed here. Such a coefficient
loss rate of ODS, denoted by, (L;), is calculated using

means that 67 % of the random variation of the uncertainty
Ea. (3). in the loss rate of an ODSs in Eq. (3) is associated with
common uncertainties (i.e., solar irradiance and opacity for
species mainly removed in the stratosphere) and 33 % with

Atmos. Chem. Phys., 14, 2752776 2014 www.atmos-chem-phys.net/14/2757/2014/



G. J. M. Velders and J. S. Daniel: Uncertainty analysis of projections of 0zone-depleting substances 2763

the specific ODSs. This roughly corresponds with the analy-age atmospheric mixing ratio. A value of 1.07 is used for all
sis in SPARC (2013) of the different contributions to the un- species, except GiBr. For CH;Br a value of 1.16 is used
certainty in the total ODS lifetime. The sensitivity of EESC (see Table 2). An uncertainty daf 3% (1o) is assumed for
to the value ofy is studied in Sect. 3.2. Fsurt for all species, and it is assumed to be 100 % correlated
The same approach is used for the ODSs that are mainlgmong species.
removed in the troposphere by reaction with the OH radical. The uncertainties in the mean age of air and the fagtor
The uncertainties in the loss rates of these species is also coare from Newman et al. (2007). In the Monte Carlo simula-
related using Eq. (3) with the same correlation coefficient,tions, the fractional release value is limited in range from 0
but with different random numbers so that the OH-loss un-to 1 even if the error bars extended past these limits to un-
certainties are not correlated with the photolysis loss uncerphysical values.
tainties. Probably the most accurately known quantities used in
The fractional release values depend on the age of air folthe model are the observed mixing ratios, taken from
lowing Newman et al. (2006). In addition to the uncertainty WMO (2011). The global and annual average mixing ratios
in the mean age of air an additional uncertainty4o10 to are based on observations by the AGAGE (Prinn et al., 2000)
+20% (1) is applied to the fractional release values of all and NOAA networks (Montzka et al., 1999). In the model,
ODSs (Table 2, Laube et al., 2013). the mixing ratios are used to derive top-down emissions and
Uncertainty in global production data is assumed to beas starting point for the calculation of future mixing ratios.
small. The historic production data is reported by a smallAn uncertainty of+ 0.1 ppt (I) is assumed for the annual
number of companies and officially reported by countries toaverage values. Since the observations are always made in
UNEP (UNEP, 2010). The production data used in the modethe same way, they should generally be correlated in time. A
is only the anthropogenic production. Natural emissions oftime correlation of 0.9 is therefore assumed between succes-
CHgsBr and CHCl are derived from the constant background sive years. As is shown in Sect. 3.3 the effect of the uncer-
mixing ratios and the lifetimes. An uncertaintyf % (1o) tainty in the observed mixing ratios on future EESC levels
is assumed in the annual historic and future production datais small, so this assumption about the magnitude of the un-
It is assumed that the data is 100 % correlated between su@ertainty and the temporal correlation is not very important
cessive years, but completely uncorrelated among species. kkompared with other uncertainties.
the model, the uncertainty in historical production data only If a top-down derived emission for a year becomes nega-
affects future mixing ratios through the emission factors.  tive in a Monte Carlo simulation it is set to zero. This arti-
The 2008 bank sizes of CFC-11, CFC-12, CFC-ficially adds emissions to the system and thereby affects the
115, HCFC-22, HCFC-141b, HCFC-142b, halon-1211, andmodel results, but simulations show that negative emissions
halon-1301 are from TEAP (2009). Banks for CFC-113, occur seldom (less than 0.02 % of the time for most ODSs,
CFC-114 and halon-2402 are taken from estimates inbut 0.4 % of the time for CFC-113).
WMO (2011). For the other ODSs, C£ICH3CCls, halon- Monte Carlo runs are performed with Latin hypercube
1202, CHBr, and CHCI, banks are expected to be small, sampling (McKay et al., 1979), which reduces the number
so it is assumed that emissions are equal to production andf model evaluations significantly, without compromising the
that the bank is thus zero. The fraction of the bank emittedaccuracy of the results. The 2.5, 50 and 97.5 percentiles are
annually is calculated in the model from emissions derivedcalculated for the production, bank sizes, emissions, mixing
from observed mixing ratios and bank sizes averaged overatios, and emission fraction for each species; these same per-
10yr (1999-2008). Based on an uncertainty analysis fromcentile statistics are also calculated for EESC, radiative forc-
TEAP/RTOC (2011), an uncertainty @f 10% (Io) is ap-  ing, and ODP- and GWP-weighted emissions. Uncertainties
plied to the bank sizes of 2008 for all ODSs used mainlyare presented for the 95% confidence interval. The same
as refrigerants and an uncertainty-bP0 % (1o) is applied  statistics are calculated for the year EESC returns to pre-1980
to the bank sizes of the other ODSs. These uncertaintietevels and the integrated EESC above the 1980 level for mid-
also affect the emission factors, since these factors are calatitude and Antarctic conditions.
culated as the fraction of the annual emission divided by the
bank. In addition, an extra uncertainty-6f10 % is applied to S ]
the emission factors of all ODSs used mainly as refrigerantss  Uncertainties in mixing ratios and EESC
(UNEP, 2011) and- 20 % for the other ODSs. In the Monte We will first focus on the effects of the new lifetimes from

Carlo smulatpns_the_ em|SS|or1factor|sI|m|ted inrange from SPARC (2013) on mixing ratios and EESC compared with
0to 1. Uncertainties in bank sizes are assumed to be uncorre-

lated. Calculations show that future mixing ratios and EESCreSUItS obtained using the I|1_‘et|_me§ from WMO (2011). Then
. ) the effects of uncertainties in lifetimes and other parameters
levels are not very sensitive to the exact magnitude of the - : . X
L on mixing ratios and EESC will be discussed, followed by
uncertainty in the banks (see Sect. 7). the effects of the uncertainties on the radiative forcing of the
An uncertainty is also applied to the factdfs(yf), which 9

- . . ODSs and on ODPs and GWPs.
relates the surface mixing ratio to the corresponding aver-
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300 T T T T T — T 6§ on the SPARC (2013) lifetimes are only slightly higher than
| Mixing ratio SPARC (2013) ] those based on WMO (2011). The year EESC returns to pre-
— GG 1980 levels for midlatitude conditions is 2046 based on life-
250 —— CFc113 72 times from WMO (2011) and about 2 yr later, 2048, based on
ca, . lifetimes from SPARC (2013). The corresponding years for
= 200 - - H?'O”'@m 14 Antarctic spring conditions are 2071 for WMO (2011) and
N (right axis) about 4 yr later, 2075, for SPARC (2013). The change in in-
by WMO (2011) ] tegrated EESC above the 1980 level is also small, about 2 %
B 150 F 3 for midlatitude and about 3 % for Antarctic conditions. The
> values calculated here with the lifetimes from WMO (2011)
X differ slightly from those reported in WMO (2011) because
= 100 - 2 of the use of the age-of-air spectrum in the calculations in-
stead of a single mean age of air.
50 £ =1 .. T
3.2 Effects of uncertainties in lifetimes
ob—4 . v . v . v . . 0 Apart from a new set of lifetimes, the SPARC assessment
1960 1980 2000 2020 2040 2060 2080 2100 also reported uncertainty ranges for these lifetimes. The ef-

Year fects of these uncertainties on the mixing ratios are shown

Fig. 1. Mixing ratios based on lifetimes from SPARC (2013) and in Fig. 3. _It !S Clgar that the_ ‘%”CE”?“”W ranges yield much
WMO (2011). The mixing ratios are shown for the ODSs with the !arger variations in future mixing ratios than do the absolute
most relevant differences in lifetimes for EESC. Before 2010, con-differences in lifetimes between WMO (2011) and SPARC
centrations are constrained by observations or are fixed from somé2013). For example, the uncertainty in the lifetimes yields
other information and so the lifetime differences affect calculateda range in mixing ratio of CFC-11 of abott35 ppt for the
emissions but not concentrations. possible range in lifetime angt 19 ppt for the most likely
range by 2050, compared with a difference of 14 ppt result-
ing from the absolute difference in the lifetime of CFC-11 be-
3.1 Lifetimes from SPARC versus WMO tween SPARC (2013) and WMO (2011). For CFC-12, where
there is almost no effect from the difference in lifetime be-
For EESC, the most significant differences in lifetimes be-tween SPARC (2013) and WMO (2011), and the difference
tween SPARC (2013) and WMO (2011) are for CFC-11 in mixing ratio is 3 ppt in 2050, the mixing ratio uncertainty
(+16 %), CCh (+15%), halon-1301 £11%) and CFC- is aboutt 48 ppt and about 24 ppt in 2050 for the possible
113 #9%). For these species the newer SPARC (2013)and most likely ranges, respectively, in lifetime.
stratospheric lifetimes are all larger than the older ones The effects of the ODS lifetime uncertainties on EESC lev-
from WMO (2011). Other differences are for CFC-115 els is shown in Fig. 4, while in Fig. 5 (values presented in
(—47 %), halon-1202 €14 %), halon-2402 £40%), and  Table S1 in the Supplement) the effect of the lifetime uncer-
CHsCl (—10%), but the contribution from anthropogenic tainty of each individual ODSs on the year EESC returns to
emissions of these species to the EESC levels is small (cupre-1980 levels is presented. In the baseline scenario, without
rently about 2% of total EESC). The mixing ratios of the taking uncertainties into account, EESC returns to pre-1980
ODSs based on both sets of lifetimes from 1960 to 2100 ardevels in 2048 for midlatitude conditions and in 2075 for
shown in Fig. 1. Using the lifetimes from SPARC (2013) in- Antarctic spring conditions. The individual ODS that are re-
stead of those from WMO (2011) results in higher mixing sponsible for the largest uncertainty in the year EESC returns
ratios: 14 ppt (11 %) for CFC-11 by 2050, 3.5 ppt (12 %) for to pre-1980 levels are CFC-11 and halon-1211, followed by
CClg, 0.1 ppt (5%) for halon-1301, 2.1 ppt (4 %) for CFC- CFC-12, CC4, and CHBr. For Antarctic conditions CFC-
113, 1.2 ppt for HCFC-22 (2%), and 3.0 ppt for CFC-12 113 and halon-1301 are also important due to their relatively
(0.8%). The higher mixing ratio of Cglis a result of a long lifetimes. If uncertainties in lifetimes are applied to sev-
slower decrease of the atmospheric burden because of theral ODSs simultaneously, the correlations between uncer-
lower loss rate (longer lifetime), which is in part (about a tainties become important. As previously stated, correlation
third) compensated by the smaller future emissions. As disdis applied to two groups, ODSs that are mainly destroyed by
cussed in Sect. 2.2 the future emissions of {8 based on  photolysis in the stratosphere and ODSs that are mainly de-
an extrapolation of historic emissions derived from observedstroyed by reactions with the OH radical in the troposphere.
mixing ratios and therefore depend on its lifetime. Without correlation the total uncertainty range in EESC and
The effects of the SPARC (2013) versus WMO (2011) in the year EESC returns to pre-1980 levels is only slightly
lifetimes on the EESC levels for midlatitude and Antarc- larger than the largest contribution of the individual ODSs.
tic conditions are shown in Fig. 2. The EESC levels basedif the uncertainties are fully correlated the uncertainty range
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Fig. 2. EESC for midlatitude (left) and Antarctic (right) conditions based on lifetimes from SPARC (2013) and WMO (2011). The thin
dashed lines indicate the 1980 EESC levels and the years the EESC curves cross these levels for the cases using the SPARC (2013) lifetime
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Fig. 3. Mixing ratios of ODSs from 1960 to 2100 based on lifetimes and their uncertainties from SPARC (2013). Shown are the median values
and 95 % confidence interval based on the most likely (dark colors) and possible (light colors) uncertainty ranges in lifetimes. Open circles
show the observed mixing ratios. White dashed lines represent the median values of the mixing ratios based on lifetimes from WMO (2011).
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Fig. 4. EESC from 1960 to 2100 for midlatitude (left) and Antarctic (right) conditions using the lifetimes from SPARC (2013) and with
uncertainties applied to the loss rates (inverse of lifetimes) of all species, except CH3Cl and the natural contributiBr.of Cétrelation
coefficienta of 0.9 is used for the uncertainties in lifetimes among the ODSs mainly removed in the stratosphere and among those mainly
removed in the troposphere. Shown are the median values and 95 % confidence interval based on the possible (orange) and most likely (rec
uncertainty ranges in lifetimes. The years EESC return to pre-1980 levels for the median EESC values is indicated with thin dashed lines.
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Fig. 5. Uncertainties (difference from the median, 95 % confidence interval) in the years of return to pre-1980 levels for midlatitude and
Antarctic springtime conditions resulting from uncertainties in the ODS lifetimes from SPARC (2013). The contributions from the individual
ODSs are shown as well as the combined contributions from all species removed primarily in the stratosphere, all removed in the tropo-
sphere, and all species together. The combined contributions are shown with uncorrelated uncertainties in jifetifyefufly correlated
uncertainties¥ = 1), and with a correlation coefficiept of 0.9. The year of return in the base run is 2048 for midlatitudes and 2075 for
Antarctic spring conditions. The data of this table is also presented in Table S1 in the Supplement).

in the year of return is approximately twice as large as whertions to the total uncertainty in EESC and in terms of year of

fully uncorrelated. return to pre-1980 levels for midlatitude conditions (possible
The species mainly removed in the stratosphere and thosmnge of about-5 to +9 yr), with the default correlation co-

mainly removed in the troposphere have similar contribu-efficient of 0.9. For Antarctic conditions the species mainly

Atmos. Chem. Phys., 14, 2752776 2014 www.atmos-chem-phys.net/14/2757/2014/



G. J. M. Velders and J. S. Daniel: Uncertainty analysis of projections of 0zone-depleting substances 2767

removed in the stratosphere are the larger contributor to therojected production and anthropogenic ODSs present in ex-
uncertainty range of12 to+24 yr (possible range), due to isting applications is much smaller than the total atmospheric
their longer lifetimes. For those species mainly removed inburden of these ODSs (see also Sect. 7). Also, the exact rate
the troposphere, the possible range equals the most likelpf release from the existing banks is not critical to determin-
range since only one method has been used for deriving thang the year of return to 1980 levels when lifetimes are long.
lifetime and the associated uncertainty (SPARC, 2013). The changes in the projected atmospheric concentrations are
Applying uncertainties to the lifetimes of all ODSs, with strongly affected by the uncertainties in the lifetimes because
a correlation coefficient of 0.9, yields a possible range in thethese directly determine how persistent the various ODSs are
year of return to pre-1980 levels from8 to +13yr and a  in the atmosphere. The uncertainties in the year of return
most likely range from-6 to +10yr for midlatitude condi-  shown in Fig. 7 are in good agreement with those found by
tions. For Antarctic conditions the possible range is from 13Newman et al. (2007). The effects of the uncertainty in the
to +26 yr and the most likely range is from9 to +14 yr. fractional release values discussed here is somewhat larger,
The uncertainty in the lifetime of C4€Cl is not included  but that is caused by the larger assumed uncertainty in these
in the uncertainty analysis since the emissions ogClHare  values based on Laube et al. (2013).
derived from the observed mixing ratios (and the lifetime) Combining all uncertainties, the year EESC returns to pre-
and are assumed to remain constant in the scenario from 200B980 levels has a possible range of 2039-2068.8 yr,

onward. +15.8yr) and a most likely range of 2040-20618(6 yr,
+12.7 yr) for midlatitude conditions. For Antarctic spring
3.3 Overall uncertainty analysis conditions the possible range is from 2061 to 21.:0%6.1 yr,

+28.3 yr) and the most likely range is from 2064 to 2093

Apart from the uncertainties in lifetimes, uncertainties in (—12.8yr,+16.9yr). The ranges are not very different from
other parameters also affect future mixing ratios and EESQhose resulting from uncertainties in the lifetimes alone,
levels. In Fig. 6 the effect of all uncertainties (Table 2) on the showing again that the uncertainties in the lifetimes dom-
normalized EESC levels from 1960 to 2100 is shown. Theinate the total uncertainty in the EESC curve’s shape over
EESC levels are normalized (1980 level set to 1) in Fig. 6time. The large sensitivity partly results from the small EESC
to avoid a large range in EESC levels in 1980 resulting fromslope around the period of recovery compared with the slope
uncertainties in the bromine efficiency factorin the mean  near 1980; however, it should also be noted that because of
age of air, and in the fractional release values. The uncerthe slow EESC decay projected for the middle part of this
tainty in the mean age of air represents the uncertainty ircentury, the absolute difference in ozone depletion could be
the age of air that is considered to be representative for midrather small and still lead to a large difference in the return
latitude and Antarctic conditions. An alternative approachtime.
would have been to calculate the EESC for a particular age To put the results of the uncertainty analysis in perspective
and ascribe zero uncertainty to that age; however, we havéhey are compared with a zero emissions scenario, a zero pro-
opted for this approach to account for some uncertainty induction scenario, and a scenario with additional emissions. In
the choice of the “best” representative age of the midlatitudea scenario with a cease in production of all (anthropogenic)
and Antarctic springtime stratospheres. By normalizing, theODSs starting in 2014, the year EESC returns to pre-1980
absolute differences in EESC due strictly to the magnitudedevels is 2045 for midlatitudes and 2073 for Antarctic spring-
of the fractional release values are removed, but there remaitime, which is about 3 yr earlier than in the baseline scenario
impacts of relative gas-to-gas fractional release changes da each case. Similarly, if all anthropogenic ODS emissions
well as impacts of the differences in the relative temporal re-were to cease in 2014, the year EESC would return to pre-
lationship between the tropospheric mixing ratios and EESC1980 levels is 2037 for midlatitude conditions and 2063 for
at the time of crossing the 1980 level. Also, by normalizing Antarctic conditions, about 12 yr earlier than in the baseline
EESC, the year of return to pre-1980 levels can be directlyscenario. So, the lower end of the uncertainty range, about
inferred graphically. 2039 for midlatitudes and 2061-2064 for Antarctic condi-

The effects of uncertainties of the various parameters ortions, corresponds approximately to a zero emissions sce-
the year EESC returns to pre-1980 levels are shown in Fig. hario in terms of return to 1980 EESC levels. With respect
and Table S2. Table S2 also contains data on the integrateib the higher end of the uncertainty range in EESC, this can
EESC above the 1980 level. The largest uncertainty rangealso be reached by a scenario with the best lifetime estimates
in the year of return are caused by the uncertainties in théut with extra ODS emissions on top of the emissions in the
lifetimes, followed by the uncertainty in the mean age of air, baseline scenario. An additional emission of 4 Mt CFC-11
with smaller contributions from the uncertainties in the frac- and 4 Mt CFC-12 in 2015 will increase EESC for midlati-
tional release values and bromine efficiency faetorThe  tude and Antarctic conditions to such levels that the years
effects of the uncertainty in the production, bank in 2008, EESC return to pre-1980 levels matches the higher end of
and emission factors is small. One reason these last threthe uncertainty range. These extra emissions of about 7 Mt
factors are of minor importance is that the total amount of CFC-11 eq (eq. — equivalent). correspond with 12 times the
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Fig. 6. Normalized EESC (1980 value set to 1) from 1960 to 2100 for midlatitude (left) and Antarctic (right) conditions using the lifetimes
from SPARC (2013) and with uncertainties applied to all parameters. Shown are the median values and 95 % confidence interval based on
the possible (orange) and most likely (red) uncertainty ranges in lifetimes. The years EESC returns to pre-1980 levels for the median EESC
values is indicated with thin dashed lines. The EESC curves corresponding to the zero-emission scenario are shown for reference.
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Fig. 7. Uncertainties (difference from the median, 95 % confidence interval) in the years of return to pre-1980 levels for midlatitude and
Antarctic springtime conditions resulting from uncertainties in all considered model input parameters. The year of return in the base run is
2048 for midlatitudes and 2075 for Antarctic spring conditions.

cumulative absolute HCFC emissions from 2014 to 2050 orcertainties in parameters other than the lifetimes. The ODSs
about 2 times the cumulative (anthropogenic) emissions ofwith large banks continuing for several decades are CFC-11,
all ODSs from 2014 to 2050. HCFC-22, HCFC-141b, and to a lesser extent, the halons,
The uncertainty analyses also yield confidence intervalswith CFC-11 having the largest uncertainty in the size of the
for the banks and emissions of each ODS. In Fig. S1 in thebank. It should be noted, however, that the halon banks are
Supplement, the effects of applying uncertainties of all pa-more important to EESC and ozone depletion than their size
rameters on the banks, emissions, and mixing ratios of thevould suggest due to the bromine efficiency factar,The
main ODSs are shown. The uncertainty ranges in mixinguncertainty range in the future emissions is much smaller
ratios are almost identical to those in Fig. 3, again demon-+han in the size of the bank, which is clearly visible, for ex-
strating the key role of the lifetime uncertainty. As discussedample, for CFC-11. This different behavior in the size of the
in Sect. 7 the uncertainty ranges of HCFC-141b, HCFC-bank and future emissions is a result of the way emissions are
142D, and halon-1301 are also significantly affected by un-calculated from the bank and the emission factor. A larger
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size of the bank corresponds with a smaller emission fac- 05 T T~ T T T T T 1100

tor, thereby reducing the effect on future emissions (see also | Radiative forcin ]

Sect. 7)_ F I Most likely range
The year 1980 is used here (Figs. 5, 7) and in several 04

WMO ozone assessments as an EESC reference year for ong~ I T (UT‘Chet”a‘_"gy
! L right axis

[ Possiblerange | 80

m

measure of partial ozone recovery. The choice of this par-
ticular year and corresponding EESC level is somewhat ar-
bitrary, since model calculations show that ozone depletion .
must have occurred before 1980 (WMO, 2011). Using a dif-
ferent year will change the year EESC returns to pre-1980
levels, but will not significantly affect the relative contribu-
tions to the uncertainty analysis presented here. For exam- [
ple, the year EESC returns to pre-1975 levels is about three 0.1
decades later than to pre-1980 levels. The EESC slope is I
smaller at the time of crossing below the 1975 EESC level,
which leads to larger uncertainty magnitudes than in the 1980 00
return case. However, the lifetime uncertainty remains the 1960 1980 2000 2020 2040 2060 2080 2100
most important factor to the overall uncertainty. vear

In Table S2 in the Supplement the effects of the uncertainig. 8. Radiative forcing of all ODSs from 1960 to 2100 using
ties in model parameters on EESC are also compared with rehe lifetimes from SPARC (2013) and with uncertainties applied to
spect to the change in integrated EESC above the 1980 levedll parameters, including the radiative efficiencies. Shown are the
This is a metric commonly used in WMO assessments formedian values and 95 % confidence interval based on the possible
comparing different ODS scenarios. It takes into account the(light blue) and most likely (dark blue) uncertainty ranges in the

time evolution of the ODSs and not only the year EESC |ey-lifetime contributions to the total uncertainties. The relative uncer-
els drop below the 1980 level tainties (95 % confidence interval) are also shown as percentages of

the median for the possible (dashed line) and most likely (dotted
line) ranges.
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4 Uncertainties on radiative forcing of ODSs

in 2009 to 0.23-0.31 W ¢ in 2050. So even though ODS
ODSs not only deplete the ozone layer, but they are alsoncentrations are projected to decline substantially over the
strong greenhouse gases (Ramanathan, 1975; Velders et glest of this century, the uncertainty in their forcing (about
2007). In Fig. 8, the radiative forcing of the ODSs is shown. 0.035 W n12) is significant when compared with,® forc-
The uncertainty range in radiative forcing before 2010 ising changes (0.06-0.14 WTA in 2050) and other non-CO
almost completely the result of the applied uncertainty of greenhouse gases. The uncertainty is small compared with
+5% (Table 2) in the radiative efficiency of the ODSs (Ta- the change in forcing from C£bf 0.7—1.8 W nt2 from 2009

ble 2). From 2020 onward it is almost completely determinedto 2050 from the four RCP scenarios (Meinshausen et al.,
by the uncertainty in the lifetimes of the ODSs. The effect of 2011).

all other uncertainties on the radiative forcing is very small.
The radiative forcing of the ODSs is about 0.32 W4in _ .
2010 (WMO, 2011; Montzka et al., 2011). Taking into ac- > Ozone depletion potentials

count an uncertainty in the radiative efficiency this becomes ) L

a range (95 % confidence interval) of 0.30-0.34 W2niThe A change in the lifetimes of the ODSs also affects ODPs.
radiative forcing is expected to decrease to 0.20Wm ODPs are indices used to compare the ability of ODSs to de-
(0.17-0.23) in 2050 and to 0.10WTh (0.07-0.14) in stroy stratospheric ozone relative to that of CFC-11 (Wueb-
2100 (both “possible ranges”). This uncertainty of abgut bles, 1983; Fisher et al., 1990). ODPs can be calculated using
0.035Wn12 in 2100 is larger than the difference between atmospheric chemistry-transport models, but can also be es-
the baseline and zero emissions (2014 onward) scenario dimated by a semiempirical approach proposed by Solomon
0.03W nT2in 2050 and 0.006 W rr? in 2100. To put the un- et al. (1992). The semiempirical ODP is defined as

certainty range into perspective it can also be compared with fi T
the projected radiative forcing from, for example, nitrous ODP; = (angy.i +ncli)
oxide (N;O) in the representative concentration pathways

(RCPs). In the four RCP scenarios the mixing ratio N  where M; the molecular weight of specigs(g mol1), f;
increases from about 322 ppb in 2009 (Montzka et al., 2011Yhe fractional release value (typically taken for an age of air
to 342-367 ppb in 2050 (Meinshausen et al., 2011). This corof 3 yr for midlatitude conditions) the bromine efficiency
responds to an increase in radiative forcing from 0.17Wm factor, n; the number of chlorine or bromine atoms, and

Mcrc-111
fecrcoiitcrci1r M; 3

(4)
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the lifetime. The fractional uncertainty is thus defined as theand the fractional release values from Laube et al. (2013) re-

square root of the following: sults in small changes in ODPs of most species compared
2 2 . 2 2 with the values reported in WMO (2011). The ODPs of
(GODP,-) ~ ("_f) + (M) + <G_f> (5) the HCFCs show larger changes (decreases); the ODP of
ODF, fi ferc-11 Ti HCFC-22 decreases by 37 %, of HCFC-141b by 40 %, and
Orere 1 \2 07 Orere 11 of HCFC-142b by 64 %. Compared with the ODPs in the
+ (m) - 27_1. mcor(n, TCFC-11) Montreal Protocol, the fractional release values from Laube
2 et al. (2013) and the lifetimes from SPARC (2013) result
+ (ﬂ) , in statistically significant differences for only HCFC-22 and
angr,; +ncl,i

HCFC-142b, again under the assumption that the ODPs of
where o is the standard deviation of a quantity and the Montreal Protocol have zero uncertainty. The changes in
cor(z;, 1crc-11) is the correlation coefficient between the the ODPs of CQ, CH3CClz, and HCFC-141b are also sta-
lifetimes of speciesand CFC-11. ODPs calculated by differ- tistically significant, but only for the most likely uncertainty
ent models and some uncertainties in the calculation of ODPsgange.
have been discussed before (Fisher et al., 1990; Solomon and ODP-weighted emissions can be calculated by multiply-
Albritton, 1992; Solomon et al., 1992) but, to our knowledge, ing emissions directly with ODPs, but this is not the best
an uncertainty analysis as presented here has not been rapproach here for calculating uncertainties in the ODP-
ported. weighted emissions due to the correlation between the ODP

In Table 3 the steady-state semiempirical ODPs are showwalues themselves and the emissions. This occurs because
using lifetimes from WMO (2011) and SPARC (2013), the the uncertainties in the ODS emissions estimated from atmo-
fractional release values from WMO (2011), which are the spheric observations of concentration and in the ODPs both
same as those in Newman et al. (2006) for most species, fodepend on the uncertainties in the lifetimes. These uncertain-
a mean age of air in the stratosphere of 3 yr, and a value of 6@ies will be anticorrelated to some degree and will thus lead
for the bromine efficiency factory in destroying ozone. Ta- to less uncertainty in the calculation of ODP-weighted emis-
ble 3 also contains the uncertainties in the calculated ODPssions than if they were uncorrelated. The anticorrelation is
based on the uncertainties in the lifetimes, fractional releasgenerally smaller in the future than in the past because of the
values for a fixed age of air of 3yr, and factorThe calcu-  different approach to calculating emissions during these pe-
lated ODPs using the lifetimes from SPARC (2013) are forriods. The ODP-weighted emissions (Fig. 9) have therefore
most species lower, up to 25 %, than when using the lifetimedeen calculated applying uncertainties to all parameters us-
reported in WMO (2011). These differences are mainly theing the box model and Monte Carlo analysis, which allows
result of the increase of 16 % in the CFC-11 lifetime estimatefor this anticorrelation to be properly included. The ODP-
in SPARC (2013). The two exceptions are the ODPs of CFC-aweighted anthropogenic emissions peaked around 1988 at
115, which is about 50 % lower, and of halon-2402, which 1.3 Mt CFC-11eq.yr! with a possible range from 0.9 to
is about 20 % higher than in WMO (2011). The uncertain- 1.8 Mt CFC-11 eq. yr!. After this peak the anthropogenic
ties (95 % confidence interval) in ODPs are 30—35 % for theemissions decrease strongly and past 2025 the contributions
CFCs, 55-70 % for the HCFCs, and from 60 to about 90 %from natural CHBr and CHCI emissions become larger
for the bromine-containing species (halons angBH. The  than those from the anthropogenic emissions.
uncertainty in the lifetimes is responsible for roughly half of  The uncertainties in ODP-weighted emissions (Fig. 9)
the total uncertainty for each species. Compared with the valvary from about 20 to 30 % before 1990 and are dominated
ues defined in the Montreal Protocol, the new ODPs, basetby the uncertainty in the ODPs of the CFCs and £ &Vith
on the lifetimes from SPARC (2013) and fractional releaselarge decreases in the emissions of these ODSs in the 1990s,
values and from WMO (2011), result in statistically signif-  the uncertainty in ODP-weighted emissions increases to 40—
icant different values for CFC-12, CFC-114, CFC-115 and60 % by 2010, because of a larger relative contribution from
CClg, under the assumption that the ODPs in the protocolhalon emissions.
have zero uncertainty. The change in the ODP of HCFC-22
is also statistically significant, but only for the most likely
uncertainty range. 6 Global warming potentials

Recently, Laube et al. (2013) reported new fractional re-
lease values for several ODSs (see Sect. 2.1). The use of theFer species such as ODSs and other halocarbons, for which
values also affects the semiempirical ODPs as shown in Tathe response of a pulse emission can be described by a single
ble 3. The different fractional release values alone have thexponential decay function, the GWP can be calculated using
largest impact on the HCFCs with a decrease by about 30 %he following equation:
for HCFC-22 and HCFC-141b and by about 60 % for HCFC-
142b when compared with using WMO (2011) fractional re- R Mco, 1 —TH/T,
lease values. Using both the lifetimes from SPARC (2013)6WP" ~ Rea. i <1_e l) ’ )
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Table 3. ODPs and their uncertainties. The ODPs shown are those included in the Montreal Protocol, the semiempirical values reported

in WMO (2011), and the semiempirical values calculated here using the lifetimes from SPARC (2013) and fractional release values from
WMO (2011) and Laube et al. (2013).

Montreal Protocol WMO (2011) Fractional release WMO Fractional release Laube Uncertainties (95 % confidencednterval)
Lifetimes SPARC Lifetimes WMO  Lifetimes SPARC  Possible)( Most likely (£)
CFC-11 1 1 1 1 1
CFC-12 1.0 0.82 0.73 0.91 0.81 34% 30%
CFC-113 0.8 0.85 0.81 0.87 0.82 34% 30%
CFC-114 1.0 0.58 0.50 37% 30%
CFC-115 0.6 0.57 0.26 34% 32%
CCl4 11 0.82 0.82 0.83 0.82 34% 30%
CH3CCl3 0.1 0.16 0.14 0.20 0.17 52 % 36 %
HCFC-22 0.055 0.04 0.034 0.028 0.024 69 % 58 %
HCFC-141b 0.11 0.12 0.102 0.078 0.069 68 % 57 %
HCFC-142b 0.065 0.06 0.057 0.025 0.023 67 % 56 %
Halon-1211 3.0 7.9 6.9 8.9 7.7 90 % 82%
Halon-1202 2.2 1.7 96 % 88 %
Halon-1301 10.0 15.9 15.2 19.8 19.0 61 % 57%
Halon-2402 6.0 13.0 15.7 80% 71%
CHsBr 0.6 0.68 0.50 78% 69 %
CHsClI 0.02 0.015 62 % 50 %

21n the calculation of the uncertainties a correlation coefficient of 0.9 is used for the lifetime uncertainties of CFC-11 and the other GF0d, I@@in-1301.

b This value was based on a best-estimate lifetime ofBtof 0.8yr.

Table 4. GWPs and their uncertainties. The GWPs shown are the values reported in WMO (2011) and the values and uncertainties calculated

here using the same radiative efficiencies and absolute GWPs»ftldOthe lifetimes from SPARC (2013). The GWPs of IPCC (2013) are
also given for reference.

WMO (2011) This work based on lifetimes Possible (most likely) IPCC (2013)
of SPARC (2013) uncertainty ranges)((95 % confidence interval)
20yr 100yr 500yr 20yr  100yr 500 yr 20yr 100yr 500yr 20yr  100yr

CFC-11 6730 4750 1620 6940 5260 1870 22% (21%) 40% (31%) 53 % (38%) 6900 4660
CFC-12 11000 10900 5200 11030 10990 5300 20% (20%) 30% (28%) 43 % (34 %) 10800 10200
CFC-113 6540 6130 2690 6610 6390 2930 20% (20%) 31% (28%) 45% (34 %) 6490 5820
CFC-114 7890 9180 6330 7900 9170 6310 20% 28% 36% 7710 8590
CFC-115 5290 7230 9120 5250 6930 7520 20% 27% 34% 5860 7670
CCly 2700 1400 435 2830 1590 502 22% (21%) 40% (34%) 46 % (39 %) 3480 1730
CH3CCl3 506 146 45 488 141 43 21% 28% 32% 578 160
HCFC-22 5130 1790 545 5170 1810 550 28% 42% 44% 5280 1760
HCFC-141b 2240 717 218 2280 733 223 29% 40% 43% 2550 782
HCFC-142b 5390 2220 678 5520 2320 709 24% 38% 41% 5020 1980
Halon-1211 4750 1890 575 4750 1890 575 35% 62% 65% 4590 1750
Halon-1202 848 231
Halon-1301 8480 7140 2760 8610 7570 3060 20% (20%) 31% (29%) 40 % (36 %) 7800 6290
Halon-2402 3680 1640 503 4170 2250 704 23% 43% 48% 3440 1470
CH3Br 19 5 2 17 5 1 39% 43% 46% 9 2
CHsCl 45 13 4 41 12 4 41% 45% 47% 45 12

* The GWPs from IPCC (2013) are based on the lifetimes from WMO (2011), but with different values for radiative efficiencies of the ODSs and absolute GWPs of CO

where R; is the radiative efficiency of species 2 9 2 2

_ _ . o o

(Wm=2ppb 1), Ico, the integral of the C@ response (“GWH> ~ (UR;> +< RCOz) +< 1602)

function over the time horizon); the molecular weight GWP; R; Rco, Ico,

(gmol1), T the time horizon considered (years), anthe 2

lifetime (years). The parameters for @QRco, and Ico,) o \2 T e_ TH/Tl.

are taken from IPCC (2007). The fractional uncertainty + <—T) 1-H )

follows from the partial derivatives of the GWP with respect Ti

to the various variables:

whereo is the standard deviation of a quantity. An uncer-
tainty of £ 5% (1o') (IPCC, 2001) is used for the radiative
efficiencyR; and uncertainties of 9,4+ 13, andt 15 % (o)
are used for the absolute GWP of €@~ Rco, - Ico,) with
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Fig. 9. ODP-weighted anthropogenic emissions from 1960 to 2100Fig. 10. GWP-weighted anthropogenic emissions from 1960 to
using the lifetimes from SPARC (2013) and with uncertainties ap-»10g using the lifetimes from SPARC (2013) and with uncertain-
plied to all parameters. Shown are the median values and 95 % CORjag applied to all parameters. Shown are the median values and
fidence interval based on the possible (orange) and most likely (redys o4, confidence interval based on the possible (light blue) and most
uncertainty ranges in lifetimes. The relative uncertainties (95 %Iikely (dark blue) uncertainty ranges in lifetimes. The relative un-
confidence interval) are also shown as percentages of the mediagytainties (95 % confidence interval) are also shown as percentages
for the possible (dashed line) and most likely (dotted line) ranges(gashed line) until 2040, when the emissions become very small.

until 2040, when the emissions become very small. The contribu-the contribution from natural emissions of gBf and CHCI is
tion from natural emissions of G4Br and CHCI (not shown in the negligible.

figure) is in total about 0.12 Mt CFC-11 eq: V.

spread in the uncertainties among the species, depending on
the uncertainty in the lifetime and the value of the lifetime,
"tself. The uncertainty in the lifetime is the major contributor
for most species, especially for 100 and 500 yr time horizons,
followed by the uncertainty in the absolute GWP of £0
IPCC (2007) quotes an uncertainty in GWPs4085 %
for a 90 % confidence interval, which is probably based on
a statement in IPCC (1995) that “suggests uncertainties of
less thant 35%” based on a simple calculation. The un-
(+14%), and some halons and for the G, & 500yr) certainty of+ 35 % agrees with the average uncertainty of
for several SPECIES. .. .. £38% derived here for a time horizon of 100 yr. The uncer-
The uncertainty in the GWP depends both on the Ilfet|metainty in IPCC (2007) does not agree with the average un-

;’:md tm:ﬁ hI(.)f”f.on (sfee last t.ermtr:n Eq. p' Itrr: genera{, ,thtecertainty of+ 26 and+ 44 % for GWPs for a time horizon
longer the filetime ot a species, the smaller the uncertainty,¢ 54 4ng 500 yr, respectively, and it does also not take into
in GWP, and the longer the time horizon the larger the un-

: . account the large range of uncertainties (for example, 27—
certainty (see also Joos et al., 2013; Reisinger et al., 2010 2% for GWP{y = 100yr)) for different species. In IPCC
For example, if the time horizon is much smaller than the

lifeti th t of th . lse that .~ .7(2013) an uncertainty of 20 and 35 % is given for CFC-11
etime, the amount of the emission pulse thal remains Mg, 5 time horizon of 20 and 100yr, respectively, and of
the atmosphere over the time horizon is independent of th

liteti on the other hand. the int ted radiati foct :20 and 30 % for CFC-12. These uncertainties agree reason-
etime. ©on the oIher hand, the integrated radiative efiect o ably well with our calculated values. The GWPs presented
a pulse becomes linearly dependent on the lifetime for time

. . . in Table 4 are derived for the current atmosphere composi-
horizons much longer than the lifetime. The possible uncer- P P

. ) tion although changes in the composition will certainty affect
tainty range in the GWP of CFC-11, for example, more thanGWPs. For example, increases in the Q@ixing ratio for
doubles when going from a time horizon of 20 to 500 yr. ’

~1 il he GWPs of Table 4
The average GWP uncertainty (possible range; 95 % con-5 yr (~10ppm) will increase the GWPs of Table 4 by about

2.5%.
fidence interval) is about 26, + 38, and+ 44 % for a 20, °
100, and 500 yr time horizon, respectively, but there is a large

time horizons of 20, 100, and 500 yr, respectively (based o
IPCC (2007) and Joos et al. (2013); see Table 2).

The GWPs and their uncertainties are shown in Table 4
The GWPs calculated using the lifetimes from SPARC
(2013) are within+ 5% from those based on the lifetimes
from WMO (2011) for most species. Larger differences
are seen for the GWP (100yr) of CFC-1411 %), CC},
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The GWP-weighted emissions have been calculated in th@roduction and the size of the bank as well as by the emis-
same way as the ODP-weighted emissions using the bosion fraction and thus by the types of applications in which
model and Monte Carlo analysis. The GWP-weighted emis-the ODS is used.
sions (Fig. 10) peaked around 1988 at 9.7 Gt,@@.yr ! The magnitude of the uncertainty of the size of bank of
with a possible 7.5 to 13.3Gt G@q.yr ! range. These CFCs hardly affects the total uncertainty in future mixing
emissions dropped to 1.7 Gt G&q. yr ! (1.2-2.5) by 2013  ratios, since for these species the size of the bank in 2008
and are projected to continue to decrease. The uncertainty iis relatively small compared with the total atmospheric bur-
the GWP-weighted emissions is about 30 % up to 2000 as ilen of the ODSs and production of CFCs has almost com-
is dominated by the contribution from CFC-12. After 2000 pletely ceased globally. Of the CFCs, CFC-11 has the largest
the uncertainty increases to about 40 % since the emissionisank of about 1420 kt in 2008, but this is still a factor of four
of CFC-12 decrease and the uncertainty is dominated by consmaller than its total atmospheric burden in that year. The at-
tributions from HCFC22. mospheric burden of CFC-12 is about 30 times larger than

the size of the bank in 2008.

The uncertainty in the size of the banks of CFC-115 and

7 Discussion halon-2402 are also relevant for the total uncertainty in their

future mixing ratios (contributing 20 and 10 %, respectively),
A new ODS scenario including uncertainties has been debut these ODSs contribute little to total EESC.
rived. These uncertainties are primarily controlled by the life-  Future production is a quantity that is also relevant for the
time uncertainties. For most parameters, the magnitude of theuture mixing ratios of some ODSs. The production of the
uncertainty does not substantially affect the overall uncer-CFCs, halons, and GI€Cls has almost ceased globally, but
tainty analysis. For example, the uncertainties in the producsignificant production continues for HCFCs and to a lesser
tion data, bank sizes in 2008, emission factors, observed mixextent CHBr. The future ODS production in this study is
ing ratios, and surface factoFd,) are not very important taken from the baseline scenario of WMO (2011) and is as-
for uncertainties in future mixing ratios and EESC levels. Forsumed to be characterized by4a5 % uncertainty. To put
some species, however, the uncertainty in the size of the banthe uncertainty in future mixing ratios of the HCFCs in per-
in 2008 is relevant for mixing ratio projections. The uncer- spective, it can be compared with a scenario with an elimi-
tainty in the future mixing ratios of halon-1301 is determined nation of production of HCFCs from 2014 onward. In such
roughly equally by the uncertainty in the lifetime and in the a scenario the mixing ratios of HCFC-22, HCFC-141hb, and
size of the bank of 2008, which is a result of the relatively HCFC-142b are reduced by 45, 10, and 8 ppt, respectively, in
small uncertainty in the lifetime of 9% compared with an 2050, compared to the baseline scenario. These decreases in
uncertainty in the size of the bank of 20 %. For HCFC-141bmixing ratios are comparable to the differences between the
and HCFC-142b the uncertainty in the size of bank in 2008lower end of the uncertainty range and the baseline scenario
makes up about 20 % of the total uncertainty in the mixing of 35, 10, and 6 ppt, for HCFC-22, HCFC-141b, and HCFC-
ratios in 2050. To understand the effects of the uncertaintyl42b, respectively, in 2050, applying uncertainties to all pa-
in the size of the bank on future mixing ratios it is impor- rameters. This shows that the effect of the future production
tant to realize how the size of the bank in 2008 is used in theof HCFCs results in a change in mixing ratios in 2050 that
model. As explained in Sect. 2.1 this bank size is not only ais comparable to the uncertainty in mixing ratios resulting
key starting point for the calculation of future emissions andfrom the Monte Carlo uncertainty analysis. The effects of
mixing ratios, it also determines, together with the historic the future production of HCFCs on EESC levels is limited,
production data and emissions derived from observed mixingncreasing the year EESC returns to pre-1980 levels by 1—
ratios, the emission factor for future emissions. Therefore, ar? yr for midlatitude conditions compared with a scenario of
increase of the size of the bank in 2008 results in increasedo future HCFC production.
future emissions and mixing ratios, but these increases as a Changes in the mixing ratios of other species - methane,
result of the larger size of the bank are somewhat reduced bypitrous oxide, and very short-lived species (VSLS) — and
a decrease in the emission factor, which results is lower emisehanges in temperature and atmospheric circulation due to
sions. For HCFCs future emissions not only originate fromclimate change will also affect future ozone levels. This
the bank in 2008, but also from future production. Futurecan be directly or through changes in the lifetimes of the
cumulative HCFC production in the baseline scenario fromODSs. Changes in circulation may affect the recovery of the
WMO (2011) is 2-5 times larger for the different HCFCs ozone layer by changing the age of air in the stratosphere
than the size of the bank in 2008. The future emissions areas well as through other effects. Overall, climate change ef-
also affected by the change in emission factor as a result ofects are currently expected to accelerate the recovery of the
the uncertainty in the size of the bank. The overall effect of anozone layer at midlatitudes by a decade or more, but de-
increase in the size of the bank in 2008 is a decrease in emiday it in the Antarctic (WMO, 2011). These aspects have
sions for 10-20yr, followed by an increase afterwards. Thenot been considered here, since the focus is on changes and
specific turnover point is determined by the ratio of the future
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uncertainties in long-lived chlorine- and bromine-containing GWPs (100 yr) of CFC-11411 %) and CC (+14 %). The

species that are controlled by the Montreal Protocol. average uncertainty for the GWPs of the ODSs is abo2,
+ 38, andt 44 % for a 20, 100, and 500 yr time horizon, re-
spectively.

8 Conclusions Two files are included in the Supplement with the re-

sults of a full uncertainty analysis calculation of production,
We have shown, through a comprehensive uncertainty anabanks, emissions, EESC, radiative forcing, ODP- and GWP-
ysis, that the uncertainty in the lifetimes of the ODSs is theweighted emissions from 1950 to 2120.
dominant term in the overall uncertainty in total EESC levels.
Projections of ozone-layer recovery from depletion by ODSs
depends strongly on knowledge of these lifetime estimates>upplementary material related to this article is
and uncertainties. The year EESC returns to pre-1980 levavailable online athttp://www.atmos-chem-phys.net/14/
els is 2048 for midlatitude conditions and 2075 for Antarc- 2757/2014/acp-14-2757-2014-supplement.zip
tic conditions, based on our baseline for ODS emissions and
lifetimes from the SPARC (2013). Taking all uncertainties
in the model parameters into account yields a range for thé‘\cknowledgementsie thank the steering committee of the
year EESC returns to pre-1980 levels from 2039 to 2064WCRP/SPARC lifetimes report, Malcolm Ko (NASA/LARC),
(95% confidence interval) for midlatitude conditions and S’\tlfgg/gg'?gn? (EMPA(} an?h Paul fowt'.“a” agdt Sufan Stralhan
from 2061 'Fo 2105 for Antarcti.c conditions. Since the current gtage, Qing I_)iarc:;:] FEL?XISE?BSF%; ?cv;; ;o\'/?;?:g 22 dZIezntri?]:ji
atmOSphe”C bu_rden of _CFCS IS mut_:h Iargerthan the amoumﬁ lifetimes, and Steve Montzka (NOAA/ESRL) for a useful
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