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Abstract. Bromine compounds play an important role in 1 Introduction

the depletion of stratospheric ozone. We have calculated

the changes in stratospheric ozone in response to chang@omine compounds play an important role in the deple-
in the halogen loading over the past decades, using a twotion of stratospheric ozoné\rld Meteorological Organi-
dimensional (latitude/height) model constrained by sourcezation 2007). Anthropogenic emissions of bromine contain-
gas mixing ratios at the surface. Model calculations of theing source gases have resulted in more than a doubling of
decrease of total column ozone since 1980 agree reasofite atmospheric bromine loading from methyl bromide and
ably well with observed ozone trends, in particular when the halons between 1980 and the late 1990sr{tzka et al.

the contribution from very short-lived bromine compounds 2003. There is now a lot of evidence that also short-lived
is included. Model calculations with bromine source gasbromine compounds, mainly of natural origin, contribute sig-
mixing ratios fixed at 1959 levels, corresponding approxi- hificantly to the stratospheric bromine loading (eRfeil-
mately to a situation with no anthropogenic bromine emis-sticker et al. 2000 Sinnhuber et a].2002 Schofield et al.
sions, show an ozone column reduction between 1980 angd004 Salawitch et al.2005 Sinnhuber et a]2005 Sioris et
2005 at Northern Hemisphere mid-latitudes of ori$5%  al. 200§. Bromine from short-lived compounds may have
Compared to a model run inc|uding all ha|ogen source gaseg;OntribUted to the Stratospheric ozone decrease even if there
In this sense anthropogenic bromine emissions are respongs no trend in the contribution from short-lived compounds
ble for ~45% of the model estimated column ozone loss atdue to the coupling between bromine and chlorine contain-
Northern Hemisphere mid-latitudes. However, since a largeng catalytic ozone loss cycleSalawitch et al(2009 have
fraction of the bromine induced ozone loss is due to the comshown that a few parts per trillion by volume (pptv) of ad-
bined BrO/CIO catalytic cycle, the effect of bromine would ditional bromine from short-lived compounds can result in
have been smaller in the absence of anthropogenic chlorin@ significantly larger calculated downward ozone trend, in
emissions. The chemical efficiency of bromine relative to particular for periods of enhanced aerosol loading follow-
chlorine for global total ozone depletion from our model cal- iNg large volcanic eruptions, resulting in a better agreement
culations, expressed by the so calletactor, is 64 onanan- between modelled and observed ozone trends during these
nual average. This value is much higher than previously pubfPeriods. Feng et al(2007) used a three-dimensional (3-D)
lished results. Updates in reaction rate constants can explaighemical transport model to investigate the impact of an en-
only part of the differences in. The inclusion of bromine hanced bromine loading due to short-lived species on strato-
from very short-lived source gases has only a minor effect orspheric ozone. They found that for an additional 5 pptv of
the global mear-factor. bromine from short-lived species mid-latitude column ozone
decreases by about 10 Dobson units (DU) but the impact on
ozone trends is generally small, except for periods of en-

. hanced aerosol loading.
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Here we now address the question: by how much have anthe dynamical forcing here, all interannual variability comes
thropogenic bromine emissions contributed to the decreaséom changes in the source gases and aerosol surface area.
of stratospheric ozone over the past decades, taking into actratospheric temperatures, dynamics and transport are cal-
count the additional background of bromine from short-lived culated interactively using the modelled concentrations of the
compounds. We do this by performing a set of calculationsradiatively active gases ozone {9 carbon dioxide (C®),
with a two-dimensional (2-D) model with interactive chem- methane (CHj), nitrous oxide (NO), and nitrogen dioxide
istry, radiation and transport. The model calculations shown(NO,). The model does not take into account direct radiative
here are part of a set of model runs we performed in supporéffects from CFCs. Surface temperatures follow a specified
of the 2006 WMO/UNEP Ozone AssessmeWofld Mete-  annual cycle and are held constant during the model integra-
orological Organization2007). Here we show a set of tran- tions.
sient model calculations over the past decades with different Source gas surface mixing ratios and the stratospheric
bromine source gas scenarios employed, as well as resuleerosol surface area were specified according to the
from a set of sensitivity runs that allow us to specify the rela-WMO/UNEP model scenario. The aerosol surface area
tive effectiveness of bromine compared to chlorine for strato-density was calculated from measurements by the SAGE |,
spheric ozone depletion. Ultimately one would wish to per- SAGE I, SAM Il, and SME satellite instruments (David B.
form this kind of calculations with coupled 3-D chemistry- Considine, personal communication, 2005). Reaction rate
climate-models due to their better representation of dynameonstants and photolysis cross sections are taken from JPL-
ics and transport. In particular, 3-D models will have a better06 recommendation$Sander et a|2006.
representation of the interaction of transport and chemistry in  Although we calculate chemistry down to the surface,
the high-latitude stratosphere where spring-time ozone losshere is no detailed tropospheric chemistry included in the
is due to combined chlorine and bromine chemistry, and theymodel calculations presented here. This — together with the
will provide a much more realistic description of the changesfact that tropospheric transport processes are highly simpli-
in dynamics and transport as a result of changing concentrafied in a 2-D model — means that modelled changes in tropo-
tions of greenhouse gases. However, 3-D chemistry-climatespheric ozone will probably not be realistic.
models are computationally very expensive, compared to 2- Figurel shows the chlorine and bromine loading from the
D models, and are just beginning to become available forspecified scenario. Anthropogenic emissions have led to a
assessment studies. large increase of bromine over the past about 25 years. The

bromine loading due to methyl bromide (gBt), Halon-

1301 (CBrEk), and Halon-1211 (CBrClj have increased
2 Model and source gas scenarios by about 7 pptv between 1980 and 2005, compared to an

increase of the chlorine loading by about 1000 pptv over the
The model used in this study is the 2-D transport, chem-same period. Note that in accord with the 2006 WMO/UNEP
istry and radiation model most recently describedChyjip- Ozone Assessment scenario no other halons than Halon-
perfield and Fen¢2003. It uses the dynamical core ofthe so 1301 and Halon-1211 are considered here. Halon-2402
called “two-and-a-half-dimensional” THINAIR modeKin- (CBrRCBrR) has increased from less than 0.1 pptv in the
nersley 1996 together with the chemistry scheme from the late 1970s to more than 0.4 pptv by the end of the 1990s
SLIMCAT model Chipperfield 1999. It extends from the  (World Meteorological OrganizatiQi2007); the contribution
ground to about 100 km altitude with a vertical resolution from Halon-1202 (CB#F2) on the other hand is probably
of about 3.5 km with 28 isentropic levels and a horizontal very small. l.e., the specified scenario probably underesti-
resolution of 9.5. The stratospheric dynamics are forced by mates the peak contribution of bromine from anthropogenic
the amplitudes of waves 1 to 3 of the Montgomery poten-emissions by about 1 pptv (about 10-15%).
tial at the 380 K isentrope (essentially the same as the am- As mentioned above, there is now a lot of evidence
plitudes of the 100 hPa geopotential waves). Here we us¢hat short-lived bromine source gases, mainly from natural
the daily Montgomery potential from meteorological analy- sources, are contributing to the stratospheric bromine load-
ses with a repeating annual cycle for the period of May 1980ing. Measurements of bromine monoxide (BrO) in the strato-
to April 1981. There is no quasi biennial oscillation (QBO) sphere suggest that the current total stratospheric bromine
in the model, i.e., the modelled tropical stratospheric wind isloading is somewhere between 18 and 25 ppteilsticker
always in a weak easterly state. There is no solar cycle iret al, 200Q Sinnhuber et al.2002 Salawitch et al.2005
the model runs presented het€innersley(1998 andKin- Sinnhuber et a].2009, indicating that there must be a con-
nersley and Tund1998 showed by using a different ver- tribution from short-lived gases to the stratospheric bromine
sion of this model that inclusion of the interannual variabil- loading (either by direct source gas injection or by prod-
ity of extratropical planetary wave activity as well as inclu- uct gas injection) of the order of 3 to 8 pptv with a central
sion of the equatorial QBO led to an interannual variability of value of about 5 pptvWorld Meteorological Organization
ozone that resembled many features of the observed interar2007). The exact contribution of the very short-lived gases
nual variability. As we have used no interannual variability in to the total bromine loading in the real atmosphere is still
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This value is at the high end of previous estimates. The mod-
elling studies oDvortsov et al(1999 andNielsen and Dou-
glass(2001) both suggested that bromoform may contribute
about 1 pptv to the stratosphereSinnhuber and Folkins
(2006 estimated that bromoform may contribute between
about 0.5 and 3 pptv to stratospheric bromine, depending on
the rate and mechanism of removal of bromoform’s degrada-
tion products in the troposphere and tropopause layer. Since
very little is known about possible trends in the contribution
ol ‘ ‘ ‘ ‘ of the short-lived bromine compounds to the stratospheric
1960 1970 1980 1990 2000 bromine loading we have assumed a constant contribution
Year here. In contrast to the recommended scenario, we have not

switched off tropospheric washout of inorganic bromine in
these model runs. This means that not all of the bromine
b ] released from the two VSLS reaches the stratosphere. The
T increase in stratospheric Bdue to the applied VSLS sce-
R nario is about 4 pptv, with smaller increases in the lowermost
stratosphere where the VSLS (in particular {Btb) are not
fully degraded in the model.

Three transient model calculations were performed that
differed in the specified bromine source gas scenario: (a) A
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5 CH,Br ] base run that includes the contribution due tos8H Halon-

oL ‘ ‘ ‘ ‘ 1301, and Halon-1211, (b) one model run that includes ad-

1960 1970 1980 1990 2000 ditional bromine due to CyBr, and CHBBg, increasing the
vear stratospheric bromine loading by about 4 pptv, and (c) one

: . o . _.model run thatincludes the additional 4 pptv of bromine from
Fig. 1. Source gas scenario (global mean surface mixing ratios)

used in the model calculation&) Chlorine compounds. The differ- short-iived compounds but keeps the bromine loading fixed

ence between the contribution from the indicated source gases an?{t 1959 levels, i'e'1 without anthmpOgen.iC. Prc_’mi”? emis-
the total chlorine loading (heavy line) is due to HCFCs (HCFC22, Sions. These transient model runs were initialized in 1959

HCFC141b, HCFC142b) and other minor CFCs (CFC114 andand integrated until the year 2100. However, here we will

CFC115). (b) Total bromine loading due to GiBr, Halon-1301,  only focus on the period between 1980 and 2005. This is the
and Halon-1211 only (thick solid line), as well as the assumed ad-period were most of the increase in bromine due to anthro-
ditional contribution due to the very short-lived source gases GHBr pogenic emissions occurred and it coincides with the period

and CHBr; (thick dashed line). The exact contribution of the very over which satellite measurements of global ozone are avail-
short-lived gases to the total bromine loading in the real atmosphergpje.

is still unclear at present. Note that the model calculations here did

not include any other halons such as Halon-2402. In addition we performed a set of sensitivity calculations

to estimate the ozone loss effectiveness of bromine relative
to chlorine, following as closely as possible the methodology
described bypaniel et al(1999. For these sensitivity calcu-
unclear at present. Although the individual values for the in-|ations the model was integrated over 11 years starting from
ferred bromine loading differ considerably between the indi- 1998 conditions with fixed source gas concentrations. Only
vidual studies, a contribution of 5 to 6 pptv from short-lived the last year of these 11-year integrations was then used for
source gases appears to be the most likely value taking intéhe analyses.

account the quoted uncertainties from the individual studies

(World Meteorological OrganizatiQr2007). Following the

recommendations for a sensitivity calculation of the impact3 Results and discussion

of short-lived bromine compounds on ozone trends as part

of the 2006 WMO/UNEP Ozone Assessment (R. Salawitch3.1 The contribution of bromine to ozone trends

et al., personal communication, 2005), we have also consid-

ered a scenario with additional bromine from the two short-Fig. 2 shows the evolution of total ozone at Northern Hemi-
lived compounds methylene bromide (&Bt;) and bromo-  sphere mid-latitudes (8WN—-60C° N) for three model runs:
form (CHBr3). The surface mixing ratio of C#Br, was set  the base run, the run with enhanced bromine from short-
to 1 ppty, in reasonable agreement with the measurementé/ed compounds and the model run with fixed 1959 bromine
of CH2Br» in the stratosphere Byamsley et al(1998. The loading (i.e., “no anthropogenic bromine”). Shown are the
surface mixing ratio of bromoform was specified at 1.33 pptv.changes of the annual mean ozone columns relative to the
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of increases in the planetary wave activighpmse et aJ.
2006. An interesting question here is whether the eruption
of Mt. Pinatubo may have injected additional bromine into
the stratosphere. BrO has been observed in volcanic plumes
(Bobrowski et al. 2003 and it has been suggested that the
eruption of Mt. Pinatubo in 1991 could have been an im-
portant source of bromine to the stratosphé&eréau et al.
2000. However, there are currently no indications for a sig-
nificant increase in the stratospheric bromine loading follow-
ing the Mt. Pinatubo eruption in 1991, so this issue remains
speculative at present.
The model run with fixed 1959 bromine loading (“no
30°N-60°N 1 anthropogenic bromine”) shows a much smaller downward
- - Modelnoanthropogenicr | ozone trend and a more rapid increase of ozone over the past
1980 1985 1990 1995 2000 2005 years. For 2005 the modelled ozone loss without anthro-
pogenic bromine is only about 55% of the total modelled loss
Fig. 2. Change in Northern Hemisphere mid-latitude 188-  at Northern Hemisphere mid-latitudes. In this sense, anthro-
60° N) column ozone since 1980. pogenic bromine emissions are responsiblexfdb% of the
modelled column ozone loss at Northern Hemisphere mid-
latitudes. (Note that since a large fraction of the bromine in-
1980 annual mean. For comparison also the evolution fromyyced ozone loss is due to the combined BrO/CIO catalytic
observations of the merged Total Ozone Mapping Spectromcyde (e.g.Daniel et al, 1999, the effect of bromine would
eter (TOMS)/Solar Backscatter Ultraviolet (SBUV) data set have been smaller in the absence of anthropogenic chlorine
is shown. The merged TOMS/SBUV total ozone data setemjssions.) Although the increase in the total bromine load-
is from Version 8, Revision 03, available from the NASA ing was only about 1/140 that of the increase in the to-
Goddard Space Flight Centdrt{p://hyperion.gsfc.nasa.gov/ ta| chiorine loading over the period 1980 to 2005 (about
Dataservices/merged 7 pptv compared to about 1000 pptv, respectively), includ-
At Northern Hemisphere mid-latitudes the model showsing the bromine increase nearly doubled the modelled down-
a decrease of total ozone of about 3% between 1980 andiard ozone trend. This means that on a per molecule basis
2005, with the evolution of total ozone agreeing generally bromine is about a hundred times more effective in destroy-
well with the TOMS observations. The model run with en- ing ozone at Northern Hemisphere mid-latitudes. This effec-
hanced bromine due to short-lived compounds leads to an intiveness results partly from the quicker release of bromine
creased downward ozone trend, in agreement with the modetom its source gases as compared to chlorine and partly from
calculations ofSalawitch et al(2009§. The model shows a the greater chemical effectiveness (as expressed by the so-
slow increase in total ozone since the late 1990s as a resulfalled« factor). We discuss this in more detail in Sect®a
of the slight reductions in the specified chlorine and brominepelow.
loading. The question if and when ozone will recover to its  Figs.3-5 shows similar results as Fig, but for Southern
pre-1980 levels will also critically depend on the increase of Hemisphere mid-latitudes (36—60 S), the tropics (30N—
greenhouse gases during the next decaGbgpperfield and 3¢ S) and the region from 66—-60 N, respectively.
Feng 2003. Both modelled and observed ozone reductions are larger
Both model and observations show the largest ozone reever the Southern Hemisphere mid-latitudes compared to the
ductions in the years 1992 and 1993, as a result of the inNorthern Hemisphere. While for the Northern Hemisphere
creased aerosol surface area following the eruption of theéhe model underestimates the ozone reduction following the
Mt. Pinatubo volcano in June 1991. For this period with en- eruption of Mt. Pinatubo, this is not the case for the South-
hanced aerosol surface area there is also the largest differeneen Hemisphere. The reason for the different behavior of the
found between the model runs with and without additional Pinatubo ozone anomalies for the two hemispheres is still un-
bromine from short-lived compounds. Although the model clear at present. However, in general the model reproduces
calculation with enhanced bromine loading agrees in generalvell the observed ozone trend. For the Southern Hemisphere
better with the observations, the model still underestimatesnid-latitudes the model run with no anthropogenic bromine
the magnitude of the observed ozone reduction in 1993. Pagroduces an ozone depletion of 65% of the total modelled
of the ozone reductions in 1993 may have resulted fromloss between 1980 and 2005. I.e., the relative contribution of
changes in dynamics and transport (e-tadjinicoaou etal.  anthropogenic bromine emissions to the trend in total ozone
1997 not captured by our model. Similarly, the increase is a bit smaller for the Southern Hemisphere than it is for the
of observed total ozone after the mid-1990s may be partlyNorthern Hemisphere.
the result of changes in dynamics and transport as a result
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Fig. 3. As for Fig. 2 but for Southern Hemisphere mid-latitudes Fig. 5. As for Fig.2 but for global ozone between 88 and 60 N.
(30°S-60 S).

Y Assessment World Meteorological Organization2007).
There is a relatively large modelled ozone decrease in the

g1 tropopause region, as a result of the model calculating some
= chlorine activation in this region (corresponding to CIO noon
3o values of about 50 pptv). Again, it is not clear how realistic
§ the results are for the upper troposphere and the tropopause
g -1 region, given the model’s limitations in these regions.
% It is evident from Fig 6 that anthropogenic bromine emis-
52 sions have a very large effect on the ozone trend in the
o stratosphere between the tropopause and about 25 km alti-
§-3 tude. Above 30 km altitude the effect of bromine is small.
Il , Except for the lowermost stratosphere, the inclusion of en-
R4 oerbaserun 30°S-30°N ] hanced bromine due to short-lived source gases has only
e o i Br a minor effect on the calculated ozone decrease. The pic-
1980 1985 1990 1995 2000 2005 ture changes, however, for periods of enhanced aerosol sur-

face area. Figur& shows the calculated ozone change for
Fig. 4. As for Fig. 2 but for the tropics (30S-3C N). Note the ~ March between 1980 and 1993. Under these conditions the
change in scale compared to Figs3, and5 enhanced bromine loading leads to a significant increase in
modelled downward ozone trends over much of the lower
stratosphere, in qualitative agreement with the calculations
Even in the tropics there is reasonable agreement betweelny Salawitch et al(2005.
the modelled and observed total ozone evolution (#igln-
terestingly, there appears to be a relatively large solar sigha.2 Bromine«
present in the tropical total ozone observations, with reduced
levels of ozone during the minimum periods of solar activity As noted above, the greater effectiveness of bromine com-
in the middle of the 1980s and the 1990s and with enhancegared to chlorine for ozone destruction is the result of two
ozone during solar maximum period&/¢rid Meteorological  effects: (a) most of the bromine source gases have a shorter
Organization2007, Fig. 3-4). Remember that there is no so- stratospheric lifetime than the chlorine source gases, so that
lar cycle effect included in the model calculations presentedhe ratio of inorganic bromine (By to inorganic chlorine
here. Figures summarizes the results for the overall region (Cly) in the lower stratosphere is larger than the ratio of total
between 60S and 60 N. bromine to total chlorine, and (b) bromine is chemically
Figure 6 shows the profile of the modelled ozone changemore effective than chlorine in destroying ozone. The
between 1980 and 2005 for Northern Hemisphere mid-chemical effectiveness of bromine relative to chlorine for
latitudes (47 N). A comparison of the modelled ozone trend ozone destruction is given by the so-caltedactor. Locally
with results from other 2-D and 3-D models as well as ob-in the stratosphere the-factor is defined as the change in
servations is shown in Fig. 3-24 of the 2006 WMO Ozone ozone due to a change in bromine per inorganic bromine
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50 March 30°N-60°N
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—— Model enhanced Bry T ;
- - Model no anthropogenic Br ‘ —a— JPL-97
40~ i 45} —— JPL-06 I
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Fig. 6. Modelled annual mean ozone change at M7between

) Fig. 8. Calculated bromine as a function of altitude during March
1980 and 2005 in molecules/ém

at Northern Hemisphere mid-latitudes (30280. The solid line is
from the standard model run while the dashed line is from the model

50— Model base rin run with enhanced bromine loading due to very short-lived source
—— Model enhanced Bry gases. For comparison also the calculations for JPL-97 reaction rate
~ - Model no anthropogenic Br recommendations and without additional bromine are shown (black

401 h solid line with symbols).

£30] N ] Following Daniel et al.(1999 we have calculated here by
§ - performing three model runs: (a) a standard run, (b) a model
%20, ] run with increased chlorine loading by increasing CFC-11 as
the reference gas, and (c) a model run with increased bromine
loading by including an artifical source gas with the same life
10¢ 8 time as CFC-11 but which releases bromine instead of chlo-
March, 47°N rine. This procedure ensures that the ratia\@l,/ABry is
constant throughout the model stratosphere. Technically, we
i 06 04 02 0 have increased chlorine and bromine by 10, 30, and 50% over

Ozone change 1993 - 1980 [10*?molec/cm?] the base run. The results presented below are taken from the
calculations with a 30% increase in chlorine and bromine.
Fig. 7. Same as for Fig6 but for modelled ozone differences be- Very similar results are obtained from the calculations with
tween March 1980 and March 1993. This illustrates that the effectl0 and 50% increase (changes in annual mean global alpha
of additional bromine from very short-lived source gases is largestpy less than 10%). However, the 10% increase resulted in
during periods of enhanced stratospheric aerosol loading. certain regions in ozone changes that were too small for a
reliable calculation of local alpha values.
We have calculated for two scenarios: The standard

scenario without bromine from short-lived compounds and
the other scenario with CiBr, and CHBg included. For

molecule, divided by the change in ozone due to chlorine,
per inorganic chlorine molecul®éniel et al, 1999:

__ AOg gy, /ABry both scenariog is calculated in the same way by increasing
a_Aos—Cly/ACy' bromine from the CFC-11-like tracer. Moreover, we have

An effect | & f | | b also performed yet another set of model runs to calculate
N effective value OtrcolymnTOF COIUMN 0ZONE 10SS CaNBE \\qing Jp|-97 reaction rate recommendations (and without

_deflned_by the _change n °°'“”_“_‘ ozone due to brom_lne P€hromine from short-lived compounds) to allow a quantitative
inorganic bromine molecule, divided by the change in col- comparison with the results &faniel et al(1999

umn OZOHGA%L;?CEEmTJS;T;yper morga.mc chiorine molec.ule. Figure8 shows the profile of the local-factor for North-
Aeolumi= £0; coumn ciy /ACK > 2SSUMING that the ratio e Hemisphere mid-latitudes during March with and with-

ACly/ABry is constant with altitude. Similarly one can de- out additional bromine from VSLS. For comparison with
fine also an effective value @fgonal for global ozone loss. Daniel et al. (1999 also the calculations using JPL-97

Atmos. Chem. Phys., 9, 2863871, 2009 www.atmos-chem-phys.net/9/2863/2009/
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March 30°S-60°S Column alpha - enhanced Bry, JPL-06
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Fig. 10. Calculatedocoiymn from the model run with enhanced
bromine loading due to very short-lived source gases as function of
latitude and season. Values larger than 70 are shaded.

Fig. 9. Same as Fig8 but for 30—60 S.

reaction rates are shown. Our profilecofor JPL-97 kinet- Column alpha — base run, JPL-97

ics looks qualitatively similar to the results shown Dgniel 90 S

et al. (1999, but also shows some differences: The peak M
value of @ of about 120 at 15 km is larger than the value — 1

60

shown byDaniel et al.(1999. Secondly, while the calcu- —~ %
lations ofa by Daniel et al.(1999 continuously increased 307W7

towards the tropopause and into the upper troposphere, our

shows lower values again in the tropopause region. §

Figure 8 shows that the change in reaction rate kinetics % 0’\:3 &
between JPL-97 and JPL-06 has led to a significant increase ~ \/\/@J/x\
in  above about 15 km altitude and to a slight decrease inthe —301 _ i
lowermost stratosphere. Additional bromine due to VSLS > &
lead to an increase of in the mid-stratosphere above about -60
20 km altitude and to a reduction below. Essentially the same
behavior can be seen also in the Southern Hemisphere during —gg B . S /69\ —
March (Fig.9). During autumn the maximum i is found 1 2 3 4 5 fﬂontz 8 9 10 11 12

in the mid-stratosphere at about 25 km altitude.

Effectiveacolumnvalues as a function of month and latitude rig. 11, As Fig. 10 but for JPL-97 kinetics and without additional
are shown in Fig10. These calculations were done with the Bry from short-lived compounds.
most recent reaction rate recommendations and in the pres-
ence of enhanced bromine from short-lived compounds. As

can be seen, there is a minimum in colutnim the tropics d.s toiobai=B4, a value that is considerably larger than the
; ; globa—=94,
with values around 50, and higher values of around 60 to 7 Value ofagopa—45 given byDaniel et al(1999. For the sce-

in the mid-latitudes of both hemispheres. Very large values _ =~ ~. . .
) . . : nario without the short-lived bromine source gases the global
of o are reached in the high latitudes during summer and au-

tumn, in particular in the Northern Hemisphere, with values Increases targioha=66. Changes in reaction rates since
as high as 130. These high values of colusnim the sum- JPL-97 have contributed to an increase in the calculated value

. . . . . of «. For the scenario using JPL-97 reaction rate recom-
mer/autumn high latitudes are in accordance with very high : . e : .
) mendations and without additional bromine from short-lived
local values ¢>300) at around 25 km altitude. They cor-

respond to situations where ozone loss is mainly controlleqpeoargf Oggdsfvlﬁegiitcarlegallgga;\?g@g%b?;isgggﬁﬁ1?]'P'?‘_t_05
by nitrogen oxides (N and result from the fact that an P

. . . . is due to a decrease in the effectiveness of chlorine induced
increase of chlorine will lead to a decrease in,\l@Gompen-

. o . ozone loss, as a result of a decrease in modelled CIO due to
sating the effect of the chlorine increase for ozone loss, while, . . )

. . X i the increase in NQand a decrease in the rate constant for
an increase in bromine has no significant effect orkNO

the reaction of CIO with H@.

The global annual mean value @ffrom these model runs
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Recently, updated values of were calculated in sup- ferences between our calculations and previously published
port of the 2006 WMO/UNEP Ozone Assessment also withresults. Because is directly used in the calculation of ozone
the University of lllinois at Urbana-Champaign (UIUC) 2-D depletion potentials for bromine source gases a better under-
model and with the AER 2-D model. Both models calculate standing of the reasons for the differences ibetween dif-

a global meanx of 61 using a preliminary version of JPL- ferent models is important. One of the next steps needed is
06 kinetics in the presence of 6 pptv of additional bromine a study that compares calculationscofor a collection of
from short-lived compounds (D. Wuebbles and D. Weisen-independent models to assess the possible range of

stein, personal communication, 2006). Taking into account

the calculations from the UIUC and AER models as well asAcknowledgementsParts of this work were supported by the
our calculations, the 2006 WMO/UNEP Ozone AssessmenfU project SCOUT-O3 and by the Helmholtz Virtual Institute

has now adopted a value of 60 ﬁmr(WO”d Meteoro'ogica' Pole-Equator-Pole. We thank Malcolm Ko, Debra Weisenstein and
Organization2007). Don Wuebbles for sharing their results prior to publication and

for helpful comments.
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We have calculated the changes in stratospheric ozone ov%eferences

the period 1980 to 2005 for specified changes in the halo-

gen loading, using a 2-D mOdel' The modelled Ozlone trendBobrowski, N., Hbnninger, G., Galle, B., and Platt, U.: Detection of
agrees reasonably well with the observed trend in column  hromine monoxide in a volcanic plume, Nature, 423, 273-276,
ozone derived from the merged TOMS/SBUV data set, over 2003,

both the Northern and Southern Hemisphere. A large fractiorBureau, H., Keppler, H., and &frich, N.: Volcanic degassing of
of the modelled downward ozone trend at mid-latitudes is bromine and iodine: Experimental fluid/melt partitioning data
due to anthropogenic bromine emissions. E.g., the model run and applications to stratospheric chemistry, Earth Planet. Sci.
with the fixed 1959 bromine loading, corresponding to a sit-  Lett., 183, 51-60, 2000.

uation without anthropogenic bromine emissions, produces &nipperfield, M. P.: Multiannual simulations with a three-
downward trend in Northern Hemisphere mid-latitude total ~dimensional chemical transport model, J. Geophys. Res., 104,

. . 1781-1805, 1999.
0, - il
ozone that is only~55% of the modelled ozone trend in .Chipperfield, M. P. and Feng, W.: Comment on: Stratospheric

CIUd'r_]g all halggen INCreases. . I? this (:Senfsi amhroﬁ)IOgemC Ozone Depletion at northern mid-latitudes in the 21st century:
bromine emissions are responsible4a#5% of the modelled The importance of future concentrations of greenhouse gases
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sible for about half of the halogen-induced downward ozone spheric total ozone from a statistical analysis of satellite data
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