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Abstract. The atmospheric records of four halons, H-1211 production data. Finally emissions of H-1202, a product of
(CBrCIR,), H-1301 (CBrk), H-2402 (CBrRCBrF;) and H-  over-bromination during the production process of H-1211,
1202 (CBgF»>), measured from air collected at Cape Grim, have continued despite reported production of H-1211 ceas-
Tasmania, between 1978 and 2011, are reported. Mixing raing in 2010. This raises questions as to the source of these
tios of H-1211, H-2402 and H-1202 began to decline in theH-1202 emissions.

early to mid-2000s, but those of H-1301 continue to increase
up to mid-2011. These trends are compared to those reported

by NOAA (National Oceanic and Atmospheric Administra-

tion) and AGAGE (Advanced Global Atmospheric Experi- 1 Introduction

ment). The observations suggest that the contribution of the

halons to total tropospheric bromine at Cape Grim has beHa|OnS were produced from the 1950s until the end of 2009
gun to decline from a peak in 2008 of about 8.1 ppt. An and are used mainly in fire extinguishing equipment and ex-
extrapolation of halon mixing ratios to 2060, based on re-plosion protection applications because of their highly inert
ported banks and predicted release factors, shows this d&hemical nature. The two main halons produced for these
cline becoming more rapid in the coming decades, with apurposes were H-1211 (CBrGlfFand H-1301 (CBrf). A
contribution to total tropospheric bromine of about 3 ppt in third halon, H-2402 (CBr{CBrFR,), was produced and used
2060. Top-down global annual emissions of the halons werdnainly in the Soviet Union (McCulloch, 1992). H-1202
derived using a two-dimensional atmospheric model. The(CBr2F2) is thought to have had very little direct use but was
emissions of all four have decreased since peaking in théroduced as a by-product from over-bromination during H-
late 1980s—mid-1990s, but this decline has slowed recentlyl211 manufacture (HTOC, 1999).

particularly for H-1301 and H-2402 which have shown no  The halons have relatively long atmospheric lifetimes (H-
decrease in emissions over the past five years. The UEA211 — 16yr; H-1301 — 65yr; H-2402 — 20yr; H-1202 —
(University of East Anglia) top-down model-derived emis- 2.9yr (Montzka et al., 2011)). The main atmospheric loss
sions are compared to those reported using a top-down ags by photolysis. This occurs almost entirely in the tropo-
proach by NOAA and AGAGE and the bottom-up estimatessphere for H-1202, in both the troposphere and the strato-
of HTOC (Halons Technical Options Committee). The impli- sphere for H-1211 and H-2402, and almost entirely in the
cations of an alternative set of steady-state atmospheric lifestratosphere for H-1301. The bromine released from break-
times are discussed. Using a lifetime of 14 yr or less for H-down in the stratosphere contributes to stratospheric ozone
1211 to calculate top-down emissions estimates would leadlepletion, with bromine being 60-65 times more effective

to small, or even negative, estimated banks given reportedhan chlorine at depleting ozone on a per molecule basis
(Daniel et al., 2007). Because of this, production of halons
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for non-essential use in non-Article 5 countries (i.e. North halons (1211, 1301, 2402, 1202). Prior to 1993 these sam-
America, Europe, Australia and Japan) was banned under theles were predominantly sub-samples of the Cape Grim air
Montreal Protocol in 1994, and production for use in Article archive (see Fraser et al., 1999) but from 1994 onwards are
5 countries was banned from 1 January 2010 (HTOC, 2011)from flask samples collected directly at Cape Grim. These
The People’s Republic of China stopped production of H-latter samples were collected in either electropolished
1211 by the end of 2005 and H-1301 by the end of 2009, and (Rasmussen) or silcosteel-treated (Restek) stainless steel
the Republic of Korea halted production of both by the end ofcanisters and were only taken during baseline atmospheric
2009 (HTOC, 2011). There is still some limited production conditions (with prevailing winds from the south-westerly
of H-1301 for use as a chemical feedstock in the preparatiorsector) so as to be representative of background conditions
of the fertilizer Fipronil (HTOC, 2011), which is not con- rather than sampling air coming from the landmasses of
trolled under the Montreal Protocol. Halons continue to bemainland Australia or Tasmania (Fraser et al., 1991; Weeks et
released to the atmosphere from the existing installed capaal., 1992; Langenfelds et al., 1996). As discussed in Fraser et
ity and from users with critical use exemptions (CUES) suchal. (1999), we are confident that the Cape Grim archive con-
as civil aviation and military applications. Significant halon tains representative samples of background air and that the
supply for CUE comes from recycling (HTOC, 2011). halons (and many other halocarbons) can be stored without
Previous studies of the halons in air extracted from deepsignificant changes to their concentrations.
firn snow (Butler et al., 1999; Sturrock et al., 2002; Reeves
et al., 2005) have shown them to be entirely anthropogeni@.2 Analysis
in origin with concentrations near zero in the early 1960s.
Atmospheric mixing ratios of the halons increased rapidly All Cape Grim samples collected between 1978 and the
from the late 1970s up to the late 1990s (Butler et al., 1999,end of 2004 (94 samples) were analysed using an Agi-
Fraser et al., 1999; Sturrock et al., 2002). They have sincdent 5890 gas chromatograph coupled to a trisector mass
levelled off or begun to decline, with the exception of H- spectrometer (GC-MS; V.G./Micromass Autospec) operated
1301 which continues to grow (based on data reported up tdn single ion, electron ionisation mode. During this period
2008) (Reeves et al., 2005; Montzka et al., 2011). the halon gases were separated on KCl-passivated alumina
The contribution from the halons to total tropospheric (Al2O3/KCI) PLOT columns (see Fraser et al., 1999, for fur-
bromine was 8.2—8.5 ppt in 2008, with a similar amount be-ther details). Since 2005, all samples (25) have been analysed
ing contributed by methyl bromide (Montzka et al., 2011). using a similar method but with an updated GC-MS instru-
This paper reports atmospheric measurements from Capment (Waters Autospec Premier/Agilent 6890 GC), a slightly
Grim, Tasmania, from 1978 up to 2011, updating the recordmodified pre-concentration procedure (as described by Oram
reported in Fraser et al. (1999), and compares the meaetal., 2012) and an Agilent GS GasPro column (see Laube et
surements from 1998 to 2011 to similar measurements byal., 2010, for further details).
NOAA (National Oceanic and Atmospheric Administration)  The current GasPro/Autospec-Premier combination has
and AGAGE (Advanced Global Atmospheric Gases Exper-also been used to reanalyse selected samples (21) collected
iment; Prinn et al., 2000). A two-dimensional atmospheric prior to 2005 to ensure comparability with the original record
chemical transport model is used to derive top-down globalmeasured using the AlI-PLOT/Autospec combination. This
annual emissions of the halons. These derived emissions ammnalysis appears to show a small, unexplained non-linearity
compared to those derived by NOAA and AGAGE using a at low mixing ratios for H-1211 and H-2402 which affects
top-down approach and by HTOC (Halons Technical Optionsthe earlier (pre-1989) part of the record (see the Supplement).
Committee) using a bottom-up approach. The paper also corburing the first analytical period (samples collected between
siders the source of H-1202. The values of the lifetimes of thel978 and 2004) different AI-PLOT columns were used for
four halons used to calculate the top-down emissions, and ththe Cape Grim analyses. Initially these were supplied by
effect that uncertainties in these values have on the estimate@hrompak and subsequently by Agilent. In 2004 seven sam-
halon banks, are investigated. Finally the current and futureples, collected during the period 1978-1993, were reanalysed
contribution of the halons to tropospheric bromine mixing on the Agilent AI-PLOT column, and these show very good
ratios is discussed. agreement with the more recent GasPro measurements, sug-
gesting that the non-linearity does not stem from the analyti-
cal system itself. The non-linearity appears to stem from one

2 Analytical methods particular Chrompak Al-PLOT column and is only evident in
measurements made using this column on samples collected
2.1 Sampling prior to 1989 (and only for H-1211 and H-2402). Indeed a

static dilution series derived from a background air sample
One hundred and twenty-two (122) samples collected afsee Laube et al., 2012) and analysed with the current GasPro
Cape Grim, Tasmania (40.8, 144.4E), have been anal- setup showed no detectable non-linearity. Consequently we
ysed at the University of East Anglia (UEA) for the 4 major have excluded the sub-set of pre-1989 H-1211 and H-2402
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data which were analysed on the suspect Al-PLOT columning function. The OH field is based on modelling by
All Cape Grim data, with the relevant analytical details, are Hough (1991) and has then been adjusted to give a lifetime
shown in Table S2 of the Supplement. for methyl chloroform with respect to reaction with OH of
The mean precisions of the measurements of the foul.1yr, as given by the most recent WMO review (Montzka
halons were 2.2% (H-1301), 1.2% (H-1211), 3.7% (H- et al., 2011), using a reaction rate of k20 12e(-1444T)

1202) and 2.1 % (H-2402). (Atkinson et al., 2008).
The diffusive loss of gases from the top of the model is
2.3 Calibrations governed by defining the ratid@;, of the concentration of the

species in the top box of the model (23 km) to that of a box
The measurements of H-1211 and H-1301 are presented adirectly above the model domain (25 km). The value of this
the NOAA Climate Monitoring and Diagnostics Laboratory ratio was adjusted for H-1211, H-1301 and H-2402 so that, in
(NOAA-CMDL) NOAA-2006 gravimetric scale; the H-1301 combination with the loss from photolysis and reaction with
calibration is based on GC-MS analyses (S. Montzka, perOH, the steady-state lifetimes of the halons within the model
sonal communication, 2012), for ease of comparison withdomain were equal to those given in Montzka et al. (2011)
the most recent reported measurements and emissions fit-1211 - 16 yr; H-1301 — 65 yr; H-2402 — 20 yr). To achieve
Montzka et al. (2011). To convert from the UEA volumetric these steady-state lifetimes, values of 0.952 (H-1211), 0.736
scales, used in previous work, to the NOAA-2006 gravimet-(H-1301) and 0.820 (H-2402) were used for the ratid~or
ric scales, H-1211 mixing ratios are multiplied by 1.19 and H-1202, the lifetime reported in Montzka et al. (2011) was
H-1301 mixing ratios are multiplied by 0.89. H-1202 and H- originally derived by Fraser et al. (1999) using the model
2402 are presented on the UEA volumetric scale (see Frasearsed in this work. However due to changes in the calculation
et al., 1999 for details of standard preparation). The uncerof absorption cross-sections (discussed above), the lifetime
tainties for the NOAA-2006 gravimetric scale are estimatedof H-1202 within the model domain is revised to 2.6 yr.
as 1% for H-1211 and 2 % for H-1301 (Brad Hall, personal
communication), those of the UEA volumetric scale are es-2.4.2 Emissions
timated as 4 % for both H-2402 and H-1202 (Fraser et al.,

1999). The model has two main adjustable input functions, the to-

The AGAGE data are presented on the SIO-2005 scaldal global annual emissions and the latitudinal distribution of
(Scripps Institute of Oceanography). these emissions.

The latitudinal distribution of halon production changed

2.4 Atmospheric modelling considerably during the early-mid-1990s when the Montreal

Protocol came into force, banning the further production of

2.4.1 Model transport and chemistry halons in non-Article 5 countries. The major area of pro-

duction since 1994 has been South-East Asia, namely China

The chemical transport model used is two dimensional with(HTOC, 2011). However the emission distribution would not
twenty-four equal-area latitudinal bands and twelve equal-have changed so dramatically since the use of halons for
height vertical layers extending to an altitude of 24 km. Thefire protection applications was phased out gradually in non-
atmospheric circulation used in the model is that derived byArticle 5 countries with some use for critical exemptions still
Plumb and Mahlman (1987). The absorption cross-section®n-going.
are calculated for each grid box as a function of seasonally H-2402 was produced almost exclusively in Russia and
varying temperature for the wavelengths 200-400 nm. Theyformer Soviet countries (HTOC, 2011). Emissions of H-2402
are the mean of the temperature-dependent absorption crosare now limited largely to these countries and to countries
sections reported by Gillotay and Simon (1989), Gillotay et which use ex-Soviet military equipment.
al. (1988) and Burkholder et al. (1991). Note that this is dif- The emissions distributions used in the model for H-1211
ferent to Fraser et al. (1999) in which a function, defined byand H-1301 were varied according to the reported regional
Sander et al. (1994), was used which represented a combannual emissions of these halons in HTOC (2011). The dis-
nation of the cross-sections reported by Gillotay and Simorntribution used for H-1202 emissions was the same as that of
(1989), Gillotay et al. (1988) and Burkholder et al. (1991). H-1211 given that H-1202 is a by-product of H-1211 produc-
However this function has not appeared in more-recent retion (see Sect. 7). H-2402 emissions were assumed to have a
ports, and Sander et al. (2011) just present the functions dezonstant distribution throughout the period over which the
fined by Gillotay and Simon (1989), Gillotay et al. (1988) model was run.
and Burkholder et al. (1991). This difference accounts forthe The annual emissions input to the model were adjusted
slight difference between the lifetimes calculated in Fraser emanually so that the model output for the box repre-
al. (1999) and those calculated in this work (see Sect. 8). senting 35.75-41.8 S simulated mixing ratios compara-

The OH values are input monthly and interpolated in be-ble to the measurements from Cape Grim (4G} The
tween these times for each grid cell using a sine smoothmodel has previously been shown to reproduce southern
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Table 1. Mean mixing ratios of the halons at Cape Grim for January to June 2011, and mean growth rates for the periods 1985-1999,
1999-2005 and 2005-2011.

Mean mixing ratio Mean growth rate (ppgy¥)

Jan-Jun 2011 (ppt) 1985-1999 1999-2005 2005-2011
H-1211 3.98:£0.04 186+ 14 67+ 24 —42+16
H-1301 3.15-0.03 139+ 7 54+ 21 29+ 17
H-2402 0.39£0.01 16+ 15 0+1.7 —-3.3+25

H-1202 0.02G6:0.001 22+£01 -1.7+02 -2.6+0.2

hemispheric observations to within about 5% for gases emit- NOAA reports a similar trend in mixing ratios for H-
ted mostly in the Northern Hemisphere and for which there1211 from measurements by GC-MS of Cape Grim back-
have been well-reported emission inventories such as CFCground samples (mean of flask pairs) between 1998 and mid-
11 and CFC-12 (e.g. Reeves et al., 2005). 2011 (Montzka and Elkins, 2012). These measurements are
about 1% higher than UEA measurements between 1998
] o o ) and 2003 and about 1% lower between 2003 and 2011.
3 Cape Grim mixing ratio time series The mixing ratios reported by AGAGE from in situ base-

The mixing ratios of the four halons measured at Cape Grim“ne measurements by GC-MS at Cape Grim since 1998

between 1998 and 2011 are shown in the main panels Oghttp://agage.eas.gatech.&dhsplay a similar trend to those

. aos hi .
Fig 1, as well as measurements by NOAA and AGAGE at_reported_ here but are cor_15|stently a_1b0ut_2 S_A) higher. This

. . . is most likely caused by differences in calibration scales (see
Cape Grim where available. The entire records from Cap

Grim (1978-2011) are shown as insets in the main panelg.seCt' 222).

The measurements made using the first analytical method » 4.1301
(AI-PLOT column, Autospec) have previously been reported
by Fraser et al. (1999) for the period 1978-1998; howeverrhe H-1301 mixing ratio grew steadily from a mean of 0.7—
the mixing ratios of H-1211 and H-1301 are presented herep 8 ppt in 1985 to a mean of 2.6—2.7 ppt in 1999 at an aver-
on the NOAA-2006 gravimetric calibration scale as opposedage growth rate of 0.14 pptyt. The mean mixing ratio in
to the UEA volumetric scale used in Fraser et al. (1999). Thethe first half of 2011 was 3.15 ppt with a mean growth rate
measurements made using the first method between 1999 anrghce 2000 of 0.045 ppt y*. H-1301 is the only one of the
2004 and those using the current methods (GasPro colummalons reported here to have atmospheric mixing ratios that
Autospec-Premier) have not been previously reported. It isare still increasing. This continued growth is consistent with
evident that the data obtained from the two different ana'yt-predictions in Fraser et al. (1999) and Montzka et al. (2003)
ical setups agree very well and can be combined to make &hich show H-1301 mixing ratios peaking around 2020 be-
single continuous record. The Cape Grim measurements anfdre beginning to decline.
the mean annual mixing ratios from the model fit are avail-  The mixing ratios reported by NOAA from GC-ECD
able in the Supplement. (electron capture detection) measurements on Cape Grim
Table 1 shows the mean mixing ratios of the halons be-lask pair mean samples are almost 5% higher than those
tween January and June 2011 at Cape Grim and the meagf UEA between 1998 and 2000 but then steadily converge
growth rates during the periods 1985-1999 (when the mixingyith those reported here during 2001 and 2002, and from
ratios were all increasing), 1999-2005 (when growth ratesp003 the two trends are virtually identical up to the middle of
began to slow or turn over) and 2005-2011 (when the mix-2006 when NOAA's ECD measurements stopped (Montzka

ing ratios of three of the halons were decreasing). and Elkins, 2012). Since 2004 NOAA has also measured the
flask samples by GC-MS. These mixing ratios agree very
3.1 H-1211 well with those reported here (S. Montzka, personal com-

munication, 2012). The baseline mixing ratios reported by
AGAGE since 1998, measured by GC-MS in situ at Cape
rim (http://agage.eas.gatech.gdwdre consistently about
% higher than those reported here (presumably caused by
differences in the calibration scales) with the exception of
a period between 2001 and 2003 during which the AGAGE
Yneasurements show a high degree of variability.

The mixing ratio of H-1211 grew rapidly during the 1980s
and 1990s from 1.2-1.4 ppt (parts per trillion) in 1985 to
3.9ppt at the end of 1999 at an average growth rate o
0.19 pptyrl. The growth rate began to slow after 1999 and
mixing ratios reached a maximum of 4.2 ppt in 2004—-2006.
Thereafter the concentrations at Cape Grim began to slowl
decline to a mean mixing ratio in the first half of 2011 of
4.0 ppt.
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3.3 H-2402

The mixing ratio of H-2402 increased from about 0.21 ppt in
1985 to a mean of 0.42 ppt in 1999 at a mean growth rate of
0.016 pptyrt. The mixing ratio levelled off during the late
1990s—early 2000s at a peak of 0.42—0.44 ppt. It began to fall
around 2005 and reached a mean of 0.39 ppt during the first
half of 2011.

NOAA reports measurements of H-2402 from 2004 on-
wards and for a brief period from 1995 to the start of 1997.
The declining trend since 2004 agrees well with the trend
observed in this work, but the mixing ratios reported by
NOAA are consistently 10—15 % higher. This is again prob-
ably caused by a calibration difference since the UEA mea-
surements are presented on the UEA volumetric scale.

AGAGE H-2402 data are not currently available from the
publically accessible data archivétip://agage.eas.gatech.
edy, but monthly global means were presented in Montzka
et al. (2011) and are very similar to those reported by NOAA
in Montzka et al. (2011).

3.4 H-1202

The mixing ratio of H-1202 at Cape Grim grew from an
annual mean of 14-15ppq (parts per quadrillion) in 1985
to a mean of 45ppq in 1999 with a mean growth rate of
2.2 ppgyrt. The mean annual mixing ratio remained fairly
stable between 1999 and 2001 and has since fallen sharply to
a mean mixing ratio of about 20 ppq in the first half of 2011.

UEA is the only institution to have reported measurements
of H-1202.

4 Model-derived emissions

The annual global emissions of the halons, as derived from
the model runs in Fig. 1, are shown in Fig. 2. Also shown,
where available, are the emissions reported by NOAA and
AGAGE (Montzka et al., 2011), both derived using a one-
box atmospheric model with global measurements, and the
emissions derived using a 12-box model in conjunction with
AGAGE measurements (from the Cape Grim archive air be-
fore 2004 and global measurements thereafter (Montzka and
et al.,, 2011)). Finally the bottom-up estimates of HTOC
are shown (HTOC, 2011); these emission estimates are cal-
culated based on emissions modelling, taking into account
industry-reported production, usage and destruction.
Uncertainties in the measurements and fitting the model

Fig. 1. Measured mixing ratios (ppt) of the halons from Cape Grim o
at UEA from 1998 to 2011 (open black diamonds). Solid red lines OUtPUt to those measurements, the atmospheric lifetimes of
are the model runs used to derive emissions. Solid blue lines for Hthe halons, and in the model transport all contribute to uncer-

1211, H-1301 and H-2402 are measured mixing ratios (ppt) fromtainties in the model-derived emissions. Figure 2 shows the
Cape Grim by NOAA (Montzka and Elkins, 2012). Dashed green annual emissions estimated in this work with error bars based
lines for H-1211 and H-1301 are measured mixing ratios (ppt) fromon the measurement errors associated with each individual
Cape Grim by AGAGE lfttp://agage.eas.gatech.gdinset panels  data point (see Supplement) and errors in the transport within
show the complete UEA record from Cape Grim from 1978 to 2011 the model (which are taken as a constant 5 % throughout the
(solid black diamonds). run based on previous work with the model (e.g. Reeves et

www.atmos-chem-phys.net/13/5551/2013/ Atmos. Chem. Phys., 13, 55565 2013
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Table 2.Estimates of the cumulative emissions of the halons between 1963 and 2010 reported by HTOC (bottom-up estimate) and calculated
in this work using firstly the lifetimes reported by Montzka et al. (2011) and secondly the alternative lifetimes calculated in this work (Sect. 8).
Also shown are the banks of H-1211 and H-1301 that are calculated by subtracting the specific estimates of the cumulative emission from
the estimates of cumulative production as reported by HTOC (HTOC, 2011).

Using tatm Montzka et al. (2018

Cumulative emissions (Gg) Banks (Gg)
Reference H-1211 H-1301 H-2402 H-1202 H-1211 H-1301
This Work 276 106 42 16 37 43
HTOC 248 106 - - 65 43
Using alternativeragm?

Cumulative emissions (Gg) Banks (Gg)

H-1211 H-1301 H-2402 H-1202 H-1211 H-1301

Using alternativeratm 290 101 46 16 24 48
Uncertainty range 262-319 99-103 42-49 13-19 -5-52  47-50

a Except H-1202 (lifetime from this work).
b See Sect. 8 and Table 4.

al. 2005)). These errors should allow comparison with otherexact features are often quite different. The AGAGE emis-
top-down-derived emissions (i.e. NOAA and AGAGE), as- sions display far less variability and a more similar trend.
suming that similar atmospheric lifetimes were used. ErrorsEmissions derived by both AGAGE and HTOC display a
associated with the lifetimes of the halons are not shown insteady rise from 1978 to the mid—late 1980s, whereas we de-
Fig. 2; a discussion of lifetimes and uncertainties is presentedive a slower growth in the early 1980s followed by a steep

in Sect. 8. increase beginning around 1985. This was also commented
on in Fraser et al. (1999).
4.1 H-1211 The cumulative emissions derived in this work for the pe-

riod 1979-2009 (97 Gg) (Table 2) are similar to those of

The model-derived gnnual emissions of H-1211 are 3.0 GQHTOC (99 Gg) and those derived using a 12-box model with
in 1978; they then increase at an average growth rate OAGAGE measurements (96 Gg).

0.58Ggyr! to maximum emissions of 12.8 Gg in 1995.
Emissions have since decreased at an average rate df3 H-2402
0.52Ggyr!to5.0Ggin 2010.

The emissions derived here show a similar trend to thosel he model-derived annual emissions are 0.9 Gg in 1978 and
derived by NOAA and AGAGE. The cumulative emissions increase steadily up to a peak of 1.9 Gg in 1990 at a growth
derived from the model for the period 1979—2009, shown inrate of 0.08 Ggyr!. They then decline to 1.0Gg in 1996
Table 2, are 253 Gg, compared to those using the AGAGEand remain around this level until 2000. They then begin to
measurements and a 12-box model which are 11 % lowegecline again to 0.7 Gg in 2006 and have remained around
at 225Gg. The emissions reported by HTOC are similar tothis level up to 2010.
those reported here with cumulative emissions for the period The emissions derived by AGAGE for the period 1979-
1979-2009 of 234 Gg, 8 % lower than those derived in this2009 (Table 2) using a 12-box model display a very similar

work and 4 % higher than those derived by AGAGE. trend and calculate very similar cumulative emissions for the
period 1979-2009 of 36 Gg compared to 35 Gg in this work.
4.2 H-1301 HTOC does not report annual emissions of H-2402.

The model-derived annual emissions of H-1301 in 1978 are4.4 H-1202
1.5 Gg. Annual emissions then increase gradually to 2.5 Gg ) o
rapid increase up to a maximum of 6.0 Gg in 1987 at a rate ofn 1978. They Increase steadily up to 0.52Gg in 1993 at a
1.2Ggyr. They then decline steadily to annual emissionsfateé of 0.024 Ggyr~ and then increase steeply to a peak of
between 2007 and 2010 of 1.8-1.9 Gg. 0.84 Gg in 1997 before declining to 0.26 Gg in 2010.

The NOAA record shows a great deal of variability, and,
though it agrees with the general decline in recent years, the
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Table 2 shows a comparison between the cumulative emis-
sions reported by HTOC and those from this work for the pe-
riod 1963 to 2010 (this assumes that halon emissions started
in 1963, and so these are in effect total cumulative emis-
sions). In the model, emissions prior to 1978 were calculated
by assuming a roughly exponential increase from zero in
1963 and adjusted so that the model output for 1978 matched
the first Cape Grim measurements. HTOC reports total cu-
mulative emissions of H-1211 of 248 Gg compared to the
276 Gg calculated in this work. For H-1301 HTOC reports
total cumulative emissions of 106 Gg, the same value is cal-
culated in this work.

“Banks” of halons exist and have not been destroyed since
the compounds are required for various critical use exemp-
tions from the Montreal Protocol. Table 2 shows estimates
of the size of these banks at the end of 2010, subtracting
estimates of total cumulative emissions from the HTOC es-
timates of cumulative production. Using its bottom-up esti-
mates of the emissions, HTOC (2011) calculates the banks
s 1 , to be 65Gg and 42.5Gg for H-1211 and H-1301, respec-
0l H-2402 tively. HTOC also independently estimates the H-2402 bank
' ' to be 2.3 Gg. Table 2 also shows the banks for H-1211 and H-
00 —_ 10 1301 calculated using the total cumulative emissions derived
L os in Sect. 4 up to the end of 2010. These are 37 Gg for H-1211,
43 % lower than the value reported by HTOC, and 43 Gg for
[ o H-1301, very similar to the value reported by HTOC. The
L 04 banks of H-2402 and H-1202 cannot be calculated because
HTOC does not report their production.
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Fig. 2. Model-derived global annual emissions (Gg) of the halons. : _
Current work — red line; NOAA one-box model (Montzka et al., the halons in the troposphere peaked at 16-17ppt around

2011) — blue short dashed line; AGAGE one-box model (Montzka 1998 and by 20.08 haq declined to 15:.D'2 ppt (Montzka
et al., 2011) — green dotted line; AGAGE 12-box model (Montzka etal, 2(_)11)' Thls.de'cllne has been attrlputed mainly to a de-
et al., 2011) — purple dash-dot line; annual emissions reported byF'€ase in the emissions of methyl bromide (Montzka et al.,
HTOC (2011) — black long dashed line. Uncertainty ranges, as de2011). Our measurements from Cape Grim show that dur-
fined in Sect. 4, are shown for each year. ing the period 2005-2011 the mixing ratios of H-1211, H-
2402 and H-1202 have all fallen while that of H-1301 has
risen slightly (Table 1). The contribution to total tropospheric
5 Cumulative emissions and halon banks bromine from the halons at Cape Grim peaked at 8.1 ppt be-
o tween 2007-2008 and has since fallen to 7.9 ppt in the first
AGAGE reports annual global emissions of H-1301, H- haif of 2011. This peak value of 8.1ppt is lower than the
1211 and H-2402 for the years 1979 to 2008 in Montzkag|opal surface values of 8.2—8.5 ppt reported in Montzka et
et al. (2011). A comparison with the cumulative emissions ). (2011) for 2005—-2008. The difference in peak mixing ra-
of H-1211 derived in this work and those from HTOC for tjos s likely to be due to calibration differences between
the same period shows AGAGE and HTOC to be very simi- yga and AGAGE and the fact that our numbers are based
lar with emissions of 225 Gg and 229 Gg, respectively, while oy soythern hemispheric measurements from Cape Grim as
in this work emissions of 248 Gg are derived. For H-1301 5pp0sed to measurements from global networks. The latter
HTOC reports emissions of 97 Gg, AGAGE of 96 Gg and yoyd also explain why the peak observed at Cape Grim was
this work of 95 Gg. For H-2402 HTOC does not report emis- slightly later than from the global networks.
sions, AGAGE reports cumulative emissions of 36 Gg and  Figure 3a shows the contribution of each of the halons to
this work of 35 Gg. global mean tropospheric bromine mixing ratios as modelled
for the period 1978-2060. From 1978 to 2010 the emissions
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Year ble changes to the recommended lifetimes are discussed in

Fig. 3. The contribution of each of the halons to global mean tro- Sec_t' 8. . )
pospheric bromine mixing ratios as modelled for the period 1978— Figure 3b also shows (dashed line) the extrapolation
2060. From 1978 to 2010 the emissions used to model the halof0 2060 of the halons’ contribution to total tropospheric
mixing ratios are those derived in Sect(d) Emissions after 2010 bromine, using release fractions based on the banks calcu-
are based on banks from HTOC (2011) and bank release fractionkated from our top-down cumulative emissions derived using
from Daniel and Velders (2011fb) Emissions before 2010 are as the atmospheric lifetimes of the halons reported in Montzka
for Fig. 3a (solid line); emissions after 2010 based on banks andst g|. (2011) (described above in Sect. 5 and Table 2). These
bank release fractions calculated in this work using atmospherigyznk release fractions for H-1211 and H-1301 were calcu-
lifetimes reported in Montzka et al. (2011) (dashed line); emissions|ated by dividing emissions of the halon in 2010 by the cal-
fafter. 2010 bas.ed on banks and .balnk .release fraction§ (:al(:ulate&“at(_:‘d bank at the end of 2009 (H-1211 — 0.12, H-1301 —
in this worl_< using the atmospheric lifetimes calculated in Sect. 80 044). For H-2402 the same bank and bank rélease frac-
(dash-dot line). - : )

tion are used because a revised bank cannot be calculated

in this work (see Sect. 5). With the smaller H-1211 bank

suggested by our top-down emissions estimate, the tropo-
used to model the halon mixing ratios are those derived inspheric bromine burden from the halons will initially fall
Sect. 4. The emissions after 2010 are based on the reportgtiore quickly in the coming decades, but by 2060 there will
banks from HTOC (2011) and the bank release fraction (thebe little difference. Further, with the additionally slightly
proportion of the remaining bank released per year) reportedarger H-1301 bank suggested by our top-down emissions es-
in WMO 2010 (H-1211 — 0.075, H-1301 — 0.04, H-2402 — timate, H-1301 contributes 50 % slightly earlier in 2022, as
0.08) (Daniel and Velders, 2011). opposed to 2024, and in 2060 H-1301 contributes more than

H-1202 is not shown in Fig. 3 as its contribution is negli- 85 % of the total bromine from the halons.
gible due to low emissions and a short lifetime.

Itis seen that H-1211 mixing ratios fall rapidly after 2010
and H-1301 contributes more than 50 % of the total tropo-
spheric bromine from halons after 2024 (compared t0 39 %Figure 2 shows that annual global emissions of H-1202 in
in 2010). This is because of its long atmospheric lifetime. 5475 \vere 0.26 Gg. If H-1202 was emitted when H-1211 was
By 2060 the contribution of the halons to total tropospheric produced (eg. Reeves et al., 2005), then emissions should
bro_mlr!e is predicted to fall to 3.0ppt, more than 80% of have fallen to zero since the beginning of 2010 when global
which is from H-130L. .. H-1211 production is reported to have ceased (HTOC, 2011).

Assuming that production has ceased, these predlctlon%at emissions have not fallen to zero suggests one of two

are an upper gstlmatg of the future contribution of the halon%)ossibilities: either there is still significant global production
to tropospheric bromine since they may be destroyed or CONGt H-1211 or there are other sources of H-1202 emissions

sumed in alternative ways, preventing their release to the aty ot are not directly a result of H-1211 production
mosphere. The rate of decline of tropospheric bromine is de- '

7 The source of H-1202
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Reported efficiencies of Chinese H-1211 plants during anTable 3. Tropospheric rop), stratosphericisirag), and total atmo-
audit in 2002 suggested that 0.02—0.03 Gg of H-1202 werespheric ¢aim) lifetimes of the halons. Tropospheric lifetimes vary
produced per Gg of H-1211 (E. Pedersen, World Bank, perbased on the defined height of the tropopauseg¥ with uncer-
sonal communication, 2002). Based on these figures annudginties due ta: 20 % photolysis rates also given afgp =14 km.
emissions of 0.26 Gg of H-1202 would suggest an unreporte@tratosphenc IlfeFlmgs vary bgsed on the d|ﬁgS|ve loss fr.o.m the t.op
global H-1211 production in 2010 on the order of 10 Gg if of the model, which is determined by_the ratio of the mixing ratio
this were the sole emission source. This seems very unlikel of the given mqlecule at25km to that 'n.the top mOde.l box (23 km)

. ) ) )fF). Uncertainties due ta- 20 % photolysis rates are given for rep-
since there has been very little reported H-1211 production agentative values df for each halon (see Sect. 8).
since 2005 (Fig. 4) and the reported annual global production
only ever reached 23 Gg at its peak in 1988. If the efficiency model Run H-1211 H-1301 H-2402 H-1202
of H-1211 were such that a greater amount of H-1202 were

I
produced per Gg of H-1211, then a smaller on-going pro- . o p— moorgop on 25 T
. _ . . . [r0p= m . > . .

duction of H-1211 would be required to sustain the derived Zuop=14km 250 = 10000 40.7 3.00
H-1202 emissions. (0+£20%)  (21.0-30.9) & (34.0-50.8) (2.51-3.72)

The report by the Halons Technical Options Committee of =~ Ztrop=16km 24.6 >10000 39.1 2.92
1991 (HTOC, 1991) suggests that although there was no spe- Tstrat (Y1)
cific production of H_—1202, some of thatyvhich was produced — 7 50.2 370 50.0 272
as a by-product during H-1211 production was captured and r=os 39.5 75.9 39.3 24.4
sold on to the military, at least in the United States, for use (0 £20%) - (74.0-78.0) - -
as fire protection in engine nacelles of aircraft. Such practices ijgg gg'g g;'g gg';‘ ;ig
would create a bc_';mk of H-1202 a_nd adelay _in its relea_\se_ tothe ;4 200 _ _ (20.3-32.2) (19.5-23.3)
atmosphere, which might explain the continued emission of F=0.0 29.8 36.8 29.6 20.7

H-1202 after H-1211 production is reported to have ceased. (0 £20%)  (28.7-31.1) - - -
In some countries, where the H-1202 produced during H- « Stratospheric lifetimes are only calculated faiog = 14 km (stratospheric
1211 production had no market. the unwanted by-product lifetimes at Zrop=12km and 16 km can be inferred using the total lifetime
. . ’ (Table 4) and the tropospheric lifetime).
may have been immediately vented to the atmosphere.
Another possibility is that the H-1202 was not separated

from the H-1211 and that H-1211 was sold with a small con-on data from both the Northern and Southern Hemispheres,
tamination of H-1202. This could be tested as part of a futurethat H-1202 emissions have moved to more southerly lati-
study by analysing existing H-1211-charged fire extinguish-tydes (mainly China and South Korea) since the mid-1990s

ers. _ o from the more northerly latitudes of Europe and North Amer-
Figure 4 shows the ratio of H-1202 emissions to H-1211jc5.

emissions (both derived in Sect. 4) between 1978 and 2010.

It is interesting to note that for much of the record, in par-

ticular the first 15 yr, this ratio is fairly consistent at around 8 Atmospheric lifetimes

0.4-0.5. The ratio does, however, rise through the 1990s to o ) _

around 0.8 before declining back to around 0.4-0.5 by 2008.he emissions of H-1211, H-1301 and H-2402 derived in

If these emission ratios were solely due to contamination ofS€ct. 4 are based on atmospheric lifetimes for the molecules

H-1211 with H-1202, this implies a level of contamination of ©f 16, 65 and 20yr, respectively, as given by Montzka et

4% or above. It should be noted, though, that companies thail- (2011). These lifetimes were all originally derived by

purchase and recycle H-1211 in the United States and EuBurkholder et al. (1991) using a 1-D photochemical model

rope have never seen H-1202 as a contaminant (D. Verdonik€xtending to an altitude of 60km. There have been vari-

HTOC, personal communication, 2013). However, we have9Us other estimates of the tropospheric, stratospheric and

been unable to obtain any information on possible H-1202total Iifetim(.as,.in .particular the recent re-evaluation of the

contamination in H-1211 produced in China, but this would Stratospheric lifetimes of H-1211 and H-1301 by Laube et

not explain emissions prior to H-1211 production in China. al. (2013)._ Here we evaluate the _atmospherlc Ilfetlmes for the
The increase in the emission ratio follows the timing of the halons using the 2-D atmospheric model and considering the

movement of the majority of H-1211 production from non- stratospheric lifetimes reported in Laube et al. (2013). The

Article 5 countries to Article 5 countries, and the decreaselMPplications of such changes on the model-derived emissions

follows the decline in H-1211 production in Article 5 coun- and on the sizes of the remaining halon banks are considered

tries. The changes in ratio may be a result of changes in thé Sect. 8.4.

H-1211 production efficiency, or differences in procedures

relating to the capture or venting of H-1202, in part due to the

shift in production to Article 5 countries. This would not be

incongruous with the assertion of Reeves et al. (2005), based
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8.1 Tropospheric lifetimes in the calculation. However, use of a 1-D atmospheric model
extending up to 50 km suggests that this is less than 1.5%
The modelled tropospheric lifetimesy(p) are calculated of the total atmospheric burden for H-1211 and H-1301 at
by running the model to steady state and then dividing thesteady state with no tropospheric loss.
global atmospheric burden of the molecule by the global The stratospheric lifetimes calculated using the full range
emissions. The model was run with the photolysis and OHof possible values foF are presented in Table 3. The value of
sinks only active in the troposphere and the diffusive lossF can, however, be compared to actual measurements of the
from the top of the model switched off. A range of tropo- halons at 23 and 25 km. Very few such measurements at these
spheric lifetimes were calculated by changing the definedaltitudes exist, but we do have measurements from three mid-
height of the tropopause 4p). These are shown in Ta- latitude balloon flights — two from Aire sur I’Adour, France,
ble 3. The uncertainties associated with the absorption crossn October 1994 and March 1999, and one from Gap, France,
sections used were also investigated. The cross-sections meia June 1997 — and a tropical balloon flight from Teresina,
sured by Gillotay and Simon (1989), Gillotay et al. (1988) Brazil. The mid-latitude data are previously unpublished, but
and Burkholder et al. (1991) generally agree to within 10 % were collected and analysed in essentially identical manner
at room temperature, though this error tends to increase ab other balloon flights from the same series reported by
wavelengths longer than 265nm. At low temperatures thePfeilsticker et al. (2000). The tropical measurements were
agreement is generally within 20 %, but again differencesreported by Laube et al. (2008). For H-1211, based on three
tend to increase at wavelengths longer than 265 nm. Tropoflights, the mean value df for H-1211 was 0.21 with a stan-
spheric lifetimes were calculated with the photolysis rates ad-dard deviation of 0.01. For H-1301, based on four flights,
justed by 20 % for Zrop=14 km (Table 3). This estimate is the mean value of” was 0.74 with a standard deviation of
considered to account for both uncertainties in the absorptio®.1. For H-2402 only one flight detected the molecule above
cross-sections and other uncertainties in the photolysis rate85 km and gave a value far of 0.19. H-1202 was not de-
calculated by the model such as the solar photon flux and attected above 25 km on any of the flights.
tenuation of the flux by molecular oxygen and ozone. Errors The stratospheric steady-state lifetimes of H-1211 and H-
in the rate constant for reaction with the hydroxyl radical and 1301 have recently been re-evaluated by Laube et al. (2013)
in the OH field are not considered since this loss is at leasbased on tracer analysis, using samples collected by the high-
20 times smaller than photolysis for all four halons. altitude research aircraft, M55 Geophysica, and a range of
It is seen that the given height of the tropopause does noballoon flights. Laube et al. (2013) applied a relative method
affect the calculated tropospheric lifetimes greatly. Moving to calculate stratospheric lifetimes using CFC-11 as a ref-
the tropopause from 12 km to 16 km changes the H-1211 troerence tracer. For this method the stratospheric lifetime of
pospheric lifetime from 25.6 yr to 24.6 yr, the H-2402 life- CFC-11 must be known, and Laube et al. (2013) derived two
time from 42.9 to 39.1yr and the H-1202 lifetime from 3.1 sets of halon lifetimes relative to a CFC-11 lifetime of 45yr
to 2.9yr. H-1301 has a tropospheric lifetime greater than(as recommended in Montzka et al., 2011) and of 60.1yr. The
10000 yr for all studied tropopause heights. The tropospheridatter is justified as recent work has suggested a steady-state
lifetime of H-1211 calculated here, 25-26 yr, agrees reasontlifetime of 56—64 yr (Douglass et al. 2008). This is acknowl-
ably with the value of 23yr calculated by Burkholder et edged in Montzka et al. (2011) as they note that “evidence is
al. (1991), while that of H-2402 is slightly higher (39—-43 ver- emerging that the lifetimes for some important ODSs (e.g.,
sus<34yr) and that of H-1202 slightly lower (2.9-3.1 versus CFC-11) may be somewhat longer than reported in past as-
3.2yr), compared to Burkholder et al. (1991). sessments”. As shown in Table 4 we here use the strato-
Adjusting the photolysis rates by 20% has a relatively spheric halon lifetimes reported in Laube et al. (2013) rel-
large effect on the tropospheric lifetimes, giving a tropo- ative to a CFC-11 lifetime of 60.1yr, i.e. 36 (32—41) yr for
spheric lifetime range for H-1211 of 21.0yr to 30.9yr, for H-1211 and 82 (75-93) yr for H-1301.
H-2402 of 34.0 to 50.8 yr and for H-1202 lifetime of 2.5to  The value of the ratid” required to be used in the model

3.7yr. to give the stratospheric lifetimes from Laube et al. (2013)
was examined. For H-1211 a value of 0.65 was required, and
8.2 Stratospheric lifetimes for H-1301 a value of 0.828. For H-1301 this is within the

1o range of the balloon measurements reported here. For H-
To calculate the stratospheric lifetimes) in the model, 1211 this is outside theolrange, but it is noted that a value
the photolysis and OH sinks were only active in the strato-for F of 0.2, as suggested by the balloon data, gives a strato-
sphere and the effect of a range of values fo(the ratio  spheric lifetime of 31 yr; this is in between the two lifetimes
of the mixing ratio of the molecule above the model domain (based on a CFC-11 lifetime of 45 and 60.1 yr) reported by
(25 km) to that in the top box (centred on 23 km)) was inves-Laube et al. (2013).
tigated (Table 3). The stratospheric lifetime calculated in this There have been no stratospheric lifetimes derived from
way is an approximation since the atmospheric burden aboveneasurements for H-2402 or H-1202. Consequently the
the model domain is not known and so cannot be includedvalue of F used for the estimate of the stratospheric lifetime
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Table 4. Tropospherictirop), Stratospherictgtray), and total atmospherie4im) lifetimes of the halons reported in the literature and calculated
in this work.

Reference H-1211 H-1301 H-2402 H-1202
Ttrop (Y1)
Burkholder et al. (1991) 23 >397 <34 3.2
This work? 25 >10000 41 3.0
(21-31) “) (34-51) (2.5-3.7)
Tstrat (Yr)
Volk et al. (1997) 26:5 - - -
Laube et al. (2018) 27 (4+4,-3) 62 (+7,-6) - -
Laube et al. (2018) 36 (+5,-4) 82 (+11,-7) - -
This work 36 (-5 —4)¢4 82 (+11,—7) 31¢ 218
(32-41) (75-93) (29-3%) (19-23§
Tatm (YT)
Burkholder et al. (1998) 16 65 <20 3.3
Butler et al. (1998) _ il - - -
Papanastasiou et al. (2013) 16.4 - 28.3 2.52
NASA/JPL 135 - 14.1 2.08
This worlé d 15 8X 17 2.6
(13-18) (75-93) (16-20) (2.2-3.2)

2 See Sect. 8 and Table 2 for further details.

b Based on a lifetime for CFC-11 of 45yr.

¢ Based on a lifetime for CFC-11 of 60.1 yr.

dThe stratospheric lifetimes of H-1211 and H-1301 from Laube et al. (2013) for a CFC-11 lifetime of 60.1yr are
used.

€ForF =0.2.

f Based ont 20% photolysis rates ani=0.0-0.5.

9 These are the values reported in Montzka et al. (2011) with the exception of H-1202.

h A combination of the stratospheric lifetime (based on correlation with age) of Volk et al. (1997) and the
tropospheric lifetime of Burkholder et al. (1991).

i Using newly reported absorption cross-sections.

j Reported in Papanastasiou et al. (2013), calculated using absorption cross-sections reported in Sander et al. (2011).
KThe stratospheric lifetime from Laube et al. (2013) is considered a total atmospheric lifetime as H-1301 has
negligible loss in the troposphere.

of H-2402 was constrained using the one relevant balloorand 2.6 (2.2-3.2) yr for H-1202. This is likely to be a max-
flight. For H-1202 there are no relevant balloon flight data, imum lifetime for H-2402 since, unlike for H-1211 and H-
but it seems likely that mixing ratios are decreasing rapidly1202, Burkholder et al. (1991) did not extrapolate the ab-
with height at this height, and so a value foof 0.2, as mea-  sorption cross-sections to wavelengths longer than 320 nm
sured for H-1211 and H-2402, was used for the estimate oflue to the non-systematic nature of the cross-sections cal-

stratospheric lifetime. culated between 300—-320 nm. Uncertainty ranges are calcu-
lated by combining the uncertainties in the tropospheric and
8.3 Total atmospheric lifetimes the stratospheric lifetimes given in Table 4. Note that the un-

certainties in the stratospheric lifetimes do not take account
The total atmospheric lifetimesm) are calculated by com-  of the uncertainty in the choice of lifetime of CFC-11 used.
bining the inverse of the tropospheric and stratospheric life-
times. The tropospheric lifetimes used for the alternative totalg.4 Effects on cumulative emissions and banks
lifetimes are those calculated foke, =14 km. For H-1211
and H-1301 the stratospheric lifetimes derived by Laube efThe top-down emissions of H-1211, H-1301 and H-2402 de-
al. (2013) relative to a CFC-11 lifetime of 60.1 yr were used. rived in Sect. 4 would be altered by the alternative lifetimes
For H-2402 and H-1202 the stratospheric lifetimes calculatedeported in Sect. 8. The decreased lifetimes of H-1211 and H-
in the model, with the value of constrained by the balloon 2402, compared to those reported in Montzka et al. (2011),
data as described above, were used. would require higher global emissions to fit the measure-

This gives total atmospheric lifetimes of 15 (13-18) yr for ments. Likewise the increased lifetime of H-1301 would re-

H-1211, 82 (75-93) yr for H-1301, 17 (16—-20) yr for H-2402, quire lower emissions to fit the measurements. The model
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Table 5. The effect of using different CFC-11 lifetimes to calculate the stratospheric lifetime of H-1211 and H-1301 (using the Laube et
al. (2013) method — Sect. 8.2) on the total lifetimes, cumulative emissions and remaining banks of H-1211 and H-1301.

H-1211 H-1301
TCEG11 TH-1211 Cumulative Bank tH-1301 Cumulative  Bank
(yn) (yr) emissions (Gg) (yn) emissions (Gg)
(Gg) (Go)
45 13 319 -5 62 107 42
52.5 14 304 10 72 104 45
60.1 15 290 24 82 101 48

was run with the alternative lifetimes; the cumulative emis- fect top-down estimates of the emissions and subsequently
sions (1963-2010) derived for H-1211 increased by 14 Gg tahe size of the remaining banks. However, it should be noted
290 Gg, for H-1301 they decreased by 5Gg to 101 Gg andhat atmospheric lifetimes of H-1211 of 14 yr or less are un-
for H-2402 they increased by 4 Gg to 46 Gg (Table 2). likely to be consistent with the reported cumulative produc-
These alternative cumulative emissions have implicationgion, and would therefore raise the question as to the accuracy
for the estimates of the banks. Calculating the banks usingf the reported production.
the alternative cumulative emissions would mean that the H- For H-1301, using the atmospheric lifetime of 82 yr (CFC-
1211 bank was 24 Gg, 63 % lower than that estimated byl1 lifetime =60.1yr) gives a bank 13 % larger than that es-
HTOC, and the H-1301 bank would be 48 Gg compared totimated by HTOC, which has implications for the decline
43 Gg estimated by HTOC (Table 2). The cumulative emis-of tropospheric bromine (see below). The effect of using a
sions of H-2402 would be 4 Gg higher, but this cannot be di-shorter CFC-11 lifetime for determination of the H-1301 life-
rectly compared to the bank reported by HTOC as they do notime is shown in Table 5. This tends to bring the estimated
report production of H-2402 and their estimate of the bank iscumulative emissions and bank closer to those estimated by
not a direct calculation of production less emissions. HTOC.
The estimate of 24 Gg for the remaining H-1211 bank sug- The recent study of Papanastasiou et al. (2013) reports a
gests that at current annual emission rates (5.7 and 5.0 Glifetime of 28.3 yr for H-2402, which is longer than previ-
in 2009 and 2010) the bank of H-1211 would be used upous estimates of less than 20yr. Using a lifetime of 28.3yr
within the next five years. Given the current estimated rateto derive top-down estimates of the emissions, we calcu-
of emissions it seems unlikely that the bank is so small.late the cumulative (1963—-2010) emissions of H-2402 to be
If we had used the lower limit of the uncertainty range of 35Gg compared to the 42 Gg we derived using a lifetime of
the atmospheric lifetime for H-1211 (i.e. 13 yr, see Table 420yr and 46 Gg using a lifetime of 17 yr. This longer lifetime
and Sect. 8.3), the derived cumulative emissions would havevould imply considerably smaller emissions of H-2402 from
been greater than the reported production giving a bank oRussia and the former Soviet Union, where it was almost ex-
—5Gg (Table 2). The effect of the uncertainties in the strato-clusively produced.
spheric lifetime of H-1211 reported by Laube et al. (2013)
(based on assuming different lifetimes for CFC-11) are notg 5 Effects on total tropospheric bromine
considered in the uncertainty ranges quoted in Table 2, but

they are shqwn separately in Table 5. It Shc.)UId. bg noted tha1‘5igure 3b also shows (dashed dot line) the extrapolation
our alternative estimate of the atmospheric lifetime of H-"5q64 ¢ the halons’ contribution to total tropospheric
.1211 uses the stratosp_her_ic lifetime of H-_1211_ derived USHromine, using release fractions based on the banks calcu-
ing the longer CFC-11 litetime of 60.1yr given in Lgube et |ated from our top-down cumulative emissions derived using
al. (2013), and had we chosen the stratospheric lifetime of H'the alternative atmospheric lifetimes given in Table 4. These
1211 of 27 yr determined by Laube etal. (2013) for a CFC-11, 1\ release fractions were calculated by dividing emissions

litetime of 45yr, this would also have given an atmospheric ¢y hajon in 2010 by the calculated bank at the end of 2009
lifetime of 13yr and again led to a negative value for the (H-1211 — 0.18, H-1301 — 0.055). For H-2402 the same bank
calculated bank. It is interesting to note that a recent study, 4 1o release fractions are used as used in the scenarios

(Papanastgsio(;J N ?I" 2013) fogndhthat, usling ncre]w absorpliogiteq in Fig. 3b because a revised bank cannot be calculated
cross-section data for H-1211 in the wavelength range 300_since no production data have been reported.

350 nm, alifetime of 16.4 yr for H-1211 was calculated com- With an even smaller H-1211 bank than in the other sce-

pare_d to l3_.5yr when the absorption cross-section data fronﬁarios presented in Fig. 3b, the tropospheric bromine burden
earlier studies (Sander et al., 2011) were used. Clearly largg ; ; the halons is predicted to initially fall more quickly in

uncertainties in the lifetime of H-1211 remain, and these af'the coming decades, but by 2060 all three scenarios converge.
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