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Abstract

Bromine compounds play an important role in the depletion of stratospheric ozone.
We have calculated the changes in stratospheric ozone in response to changes in
the halogen loading over the past decades, using a two-dimensional (latitude/height)
model constrained by source gas mixing ratios at the surface. Model calculations of the5

decrease of total column ozone since 1980 agree reasonably well with observed ozone
trends, in particular when the contribution from very short-lived bromine compounds is
included. Model calculations with bromine source gas mixing ratios fixed at 1959 levels,
corresponding approximately to a situation with no anthropogenic bromine emissions,
show an ozone column reduction between 1980 and 2005 at northern hemisphere mid-10

latitudes of only ≈55% compared to a model run including all halogen source gases.
In this sense anthropogenic bromine emissions are responsible for ≈45% of the model
estimated column ozone loss at northern hemisphere mid-latitudes. The chemical ef-
ficiency of bromine relative to chlorine for global total ozone depletion from our model
calculations, expressed by the so called α-factor, is about 73 on an annual average.15

This value is much higher than previously published results. Updates in reaction rate
constants can explain only part of the differences in α. The inclusion of bromine from
very short-lived source gases has only a minor effect on the global mean α-factor.

1 Introduction

Bromine compounds play an important role in the depletion of stratospheric ozone20

(World Meteorological Organization, 2003). Anthropogenic emissions of bromine
containing source gases have resulted in more than a doubling of the atmospheric
bromine loading from methyl bromide and the halons between 1980 and the late 1990s
(Montzka et al., 2003). There is now a lot of evidence that also short-lived bromine com-
pounds, mainly of natural origin, contribute significantly to the stratospheric bromine25

loading (e.g., Pfeilsticker et al., 2000; Sinnhuber et al., 2002, 2005; Schofield et al.,
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2004; Salawitch et al., 2005). Bromine from short-lived compounds may have con-
tributed to the stratospheric ozone decrease even if there is no trend in the contribution
from short-lived compounds due to the coupling between bromine and chlorine contain-
ing catalytic ozone loss cycles. Salawitch et al. (2005) have shown that a few parts per
trillion by volume (pptv) of additional bromine from short-lived compounds can result in5

a significantly larger calculated downward ozone trend, resulting in a better agreement
between modelled and observed ozone trends. Recently, Feng et al. (2006) used a
three-dimensional (3-D) chemical transport model to investigate the impact of an en-
hanced bromine loading due to short-lived species on stratospheric ozone. They found
that for an additional 5 pptv of bromine from short-lived species mid-latitude column10

ozone decreases by about 10 Dobson units (DU) but the impact on ozone trends is
small, except for periods of enhanced aerosol loading following large volcanic erup-
tions.

Here we now address the converse question: by how much have anthropogenic
bromine emissions contributed to the decrease of stratospheric ozone over the past15

decades, taking into account the additional background of bromine from short-lived
compounds. We do this by performing a set of calculations with a two-dimensional
(2-D) model with interactive chemistry, radiation and transport. The model calculations
shown here are part of a set of model runs we performed in support of the upcoming
2006 WMO/UNEP Ozone Assessment. Here we show a set of transient model calcu-20

lations over the past decades with different bromine source gas scenarios employed,
as well as results from a set of sensitivity runs that allow us to specify the relative effec-
tiveness of bromine compared to chlorine for stratospheric ozone depletion. Ultimately
one would wish to perform this kind of calculations with coupled 3-D chemistry-climate-
models due to their better representation of dynamics and transport. In particular, 3-D25

models will have a better representation of the interaction of transport and chemistry in
the high-latitude stratosphere where spring-time ozone loss is due to combined chlo-
rine and bromine chemistry, and they will provide a much more realistic description
of the changes in dynamics and transport as a result of changing concentrations of
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greenhouse gases. However, 3-D chemistry-climate-models are computationally very
expensive, compared to 2-D models, and are just beginning to become available for
assessment studies. Consequently, past WMO/UNEP Ozone Assessments have re-
lied largely on the results of 2-D models and the upcoming 2006 WMO/UNEP Ozone
Assessment will still make use of results from these models.5

2 Model and source gas scenarios

The model used in this study is the 2-D transport, chemistry and radiation model most
recently described by Chipperfield and Feng (2003). It uses the dynamical core of
the so called “two-and-a-half-dimensional” THINAIR model (Kinnersley, 1996) together
with the chemistry scheme from the SLIMCAT model (Chipperfield, 1999). It extends10

from the ground to about 100 km altitude with a vertical resolution of about 3.5 km and
a horizontal resolution of 9.5◦. The stratospheric dynamics are forced by the ampli-
tudes of waves 1 to 3 of the Montgomery potential at the 380 K isentrope (essentially
the same as the amplitudes of the 100 hPa geopotential waves). Here we use the daily
Montgomery potential from meteorological analyses with a repeating annual cycle for15

the period of May 1980 to April 1981. There is no quasi biennial oscillation (QBO) in
the model, i.e., the modelled tropical stratospheric wind is always in a weak easterly
state. Kinnersley (1998) and Kinnersley and Tung (1998) showed by using a different
version of this model that inclusion of the interannual variability of extratropical plan-
etary wave activity as well as inclusion of the equatorial QBO led to an interannual20

variability of ozone that resembled many features of the observed interannual vari-
ability. As we have used no interannual variability in the dynamical forcing here, all
interannual variability comes from changes in the source gases and aerosol surface
area. Stratospheric temperatures, dynamics and transport are calculated interactively
using the modelled concentrations of the radiatively active gases ozone (O3), carbon25

dioxide (CO2), methane (CH4), nitrous oxide (N2O), and nitrogen dioxide (NO2). Sur-
face temperatures follow a specified annual cycle and are held constant during the
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model integrations.
Source gas surface mixing ratios and the stratospheric aerosol surface area were

specified according to the WMO/UNEP model scenario. The aerosol surface area
density was calculated from measurements by the SAGE I, SAGE II, SAM II, and
SME satellite instruments (D. B. Considine, personal communication, 2005). Reaction5

rate constants and photolysis cross sections are taken from a preliminary version of
the JPL-05 recommendations provided for the 2006 WMO/UNEP Ozone Assessment
which is an update of the JPL-02 recommendations (Sander et al., 2002).

Although we calculate chemistry down to the surface, there is no detailed tropo-
spheric chemistry included in the model calculations presented here. This – together10

with the fact that tropospheric transport processes are highly simplified in a 2-D model
– means that modelled changes in tropospheric ozone will probably not be realistic.

Figure 1 shows the chlorine and bromine loading from the specified scenario. An-
thropogenic emissions have led to a large increase of bromine over the past about
25 years. The bromine loading due to methyl bromide (CH3Br), Halon-1301 (CBrF3),15

and Halon-1211 (CBrClF2) have increased by about 7 pptv between 1980 and 2005,
compared to an increase of the chlorine loading by about 1000 pptv over the same
period. Note that in accord with the 2006 WMO/UNEP Ozone Assessment scenario
no other halons than Halon-1301 and Halon-1211 are considered here. Halon-2402
(CBrF2CBrF2) has increased from less than 0.1 pptv in the late 1970s to more than20

0.4 pptv by the end of the 1990s (World Meteorological Organization, 2003); the con-
tribution from Halon-1202 (CBr2F2) on the other hand is probably very small. I.e., the
specified scenario probably underestimates the peak contribution of bromine from an-
thropogenic emissions by about 1 pptv (about 10–15%).

As mentioned above, there is now a lot of evidence that short-lived bromine source25

gases, mainly from natural sources, are contributing to the stratospheric bromine load-
ing. Measurements of bromine monoxide (BrO) in the stratosphere suggest that the
current total stratospheric bromine loading is somewhere around 21 pptv (Pfeilsticker
et al., 2000; Sinnhuber et al., 2002, 2005; Salawitch et al., 2005), indicating that there
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must be a contribution from short-lived gases to the stratospheric bromine loading (ei-
ther by direct source gas injection or by product gas injection) of the order of 5 to 6 pptv.
The exact contribution of the very short-lived gases to the total bromine loading in the
real atmosphere is still unclear at present. Although the individual values for the in-
ferred bromine loading differ considerably between the individual studies, a contribution5

of 5 to 6 pptv from short-lived source gases appears to be the most likely value taking
into account the quoted uncertainties from the individual studies. Following the recom-
mendations for a sensitivity calculation of the impact of short-lived bromine compounds
on ozone trends as part of the 2006 WMO/UNEP Ozone Assessment (R. Salawitch et
al., personal communication, 2005), we have also considered a scenario with addi-10

tional bromine from the two short-lived compounds methylene bromide (CH2Br2) and
bromoform (CHBr3). Tropospheric washout of inorganic bromine was switched off in
these sensitivity runs to allow all bromine from the two short-lived compounds to enter
the stratosphere. The surface mixing ratio of CH2Br2 was set to 1 pptv, i.e., contributing
to the stratospheric bromine loading by 2 pptv. This is in reasonable agreement with15

the measurements of CH2Br2 in the stratosphere by Wamsley et al. (1998). The sur-
face mixing ratio of bromoform was specified at 1.33 pptv, resulting in a contribution of
bromoform to the stratospheric bromine loading of 4 pptv. This value is at the high end
of previous estimates. The modelling studies of Dvortsov et al. (1999) and Nielsen and
Douglass (2001) both suggested that bromoform may contribute about 1 pptv to the20

stratosphere. Sinnhuber 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 degradation products in the troposphere and
tropopause layer. Since very little is known about possible trends in the contribution
of the short-lived bromine compounds to the stratospheric bromine loading we have25

assumed a constant contribution of 6 pptv here.
Three transient model calculations were performed that differed in the specified

bromine source gas scenario: (a) A base run that includes the contribution due to
CH3Br, Halon-1301, and Halon-1211, (b) one model run that includes additional 6 pptv
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of bromine due to CH2Br2 and CHBr3 and (c) one model run that includes the addi-
tional 6 pptv of bromine from short-lived compounds but keeps the bromine loading
fixed at 1959 levels, i.e., without anthropogenic bromine emissions. These transient
model runs were initialized in 1959 and integrated until the year 2100. However, here
we will only focus on the period between 1980 and 2005. This is the period were most5

of the increase in bromine due to anthropogenic emissions occurred and it coincides
with the period over which satellite measurements of global ozone are available.

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 by Daniel et al. (1999). For these sensitivity calculations the10

model was integrated over 11 years starting from 1998 conditions with fixed source gas
concentrations. Only the last year of these 11-year integrations was then used for the
analyses.

3 Results and discussion

3.1 The contribution of bromine to ozone trends15

Figure 2 shows the evolution of total ozone at northern hemisphere mid-latitudes
(30◦ N–60◦ N) for three model runs: the base run, the run with enhanced bromine from
short-lived compounds and the model run with fixed 1959 bromine loading (i.e., “no
anthropogenic bromine”). Shown are the changes of the annual mean ozone columns
relative to the 1980 annual mean. For comparison also the evolution from observa-20

tions of the merged Total Ozone Mapping Spectrometer (TOMS) / Solar Backscatter
Ultraviolet (SBUV) data set is shown. The merged TOMS/SBUV total ozone data set
is from Version 8, Revision 02, available from the NASA Goddard Space Flight Center
(http://code916.gsfc.nasa.gov/Data services/merged).

At northern hemisphere mid-latitudes the model shows a decrease of total ozone of25

about 3% between 1980 and 2005, with the evolution of total ozone agreeing generally
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well with the TOMS observations. The model run with enhanced bromine due to short-
lived compounds leads to an increased downward ozone trend, in agreement with the
model calculations of Salawitch et al. (2005). The model shows a slow increase in total
ozone since the late 1990s as a result of the slight reductions in the specified chlorine
and bromine loading. The question if and when ozone will recover to its pre-1980 levels5

will also critically depend on the increase of greenhouse gases during the next decades
(Chipperfield and Feng, 2003).

Both model and observations show the largest ozone reductions in the years 1992
and 1993, as a result of the increased aerosol surface area following the eruption
of the Mt. Pinatubo volcano in June 1991. For this period with enhanced aerosol10

surface area there is also the largest difference found between the model runs with and
without additional bromine from short-lived compounds. Although the model calculation
with enhanced bromine loading agrees in general better with the observations, the
model still underestimates the magnitude of the observed ozone reduction in 1993.
Part of the ozone reductions in 1993 may have resulted from changes in dynamics15

and transport (e.g., Hadjinicoaou et al., 1997) not captured by our model. Similarly,
the increase of observed total ozone after the mid-1990s may be partly the result of
changes in dynamics and transport as a result of increases in the planetary wave
activity (Dhomse et al., 2006). An interesting question here is whether the eruption of
Mt. Pinatubo may have injected additional bromine into the stratosphere. BrO has been20

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 important source of bromine to
the stratosphere (Bureau et al., 2000). However, there are currently no indications for
a significant increase in the stratospheric bromine loading following the Mt. Pinatubo
eruption in 1991, so this issue remains speculative at present.25

The model run with fixed 1959 bromine loading (“no anthropogenic bromine”) shows
a much smaller downward ozone trend and a more rapid increase of ozone over the
past years. For 2005 the modelled ozone loss without anthropogenic bromine is only
about 55% of the total modelled loss at northern hemisphere mid-latitudes. In this
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sense, anthropogenic bromine emissions are responsible for ≈45% of the modelled
column ozone loss at northern hemisphere mid-latitudes. (Note that since a large frac-
tion of the bromine induced ozone loss is due to the combined BrO/ClO catalytic cycle
(e.g. Daniel et al., 1999), the effect of bromine would have been smaller in the absence
of anthropogenic chlorine emissions.) Although the increase in the total bromine load-5

ing was only about 1/140 that of the increase in the total chlorine loading over the
period 1980 to 2005 (about 7 pptv compared to about 1000 pptv, respectively), includ-
ing the bromine increase nearly doubled the modelled downward ozone trend. This
means that on a per molecule basis bromine is about a hundred times more effective
in destroying ozone at northern hemisphere mid-latitudes. This effectiveness results10

partly from the quicker release of bromine from its source gases as compared to chlo-
rine and partly from the greater chemical effectiveness (as expressed by the so-called
α factor). We discuss this in more detail in Sect. 3.2 below.

Figures 3–5 shows similar results as Fig. 2, but for southern hemisphere mid-
latitudes (30◦ S–60◦ S), the tropics (30◦ N–30◦ S) and the region from 60◦ S–60◦ N, re-15

spectively.
Both modelled and observed ozone reductions are larger over the southern hemi-

sphere mid-latitudes compared to the northern hemisphere. While for the northern
hemisphere the model underestimates the ozone reduction following the eruption of
Mt. Pinatubo, this is not the case for the southern hemisphere. The reason for the20

very different behaviour of the Pinatubo ozone anomalies for the two hemispheres is
still unclear at present. However, in general the model reproduces well the observed
ozone trend. For the southern hemisphere mid-latitudes the model run with no an-
thropogenic bromine produces an ozone depletion of 65% of the total modelled loss
between 1980 and 2005. I.e., the relative contribution of anthropogenic bromine emis-25

sions to the trend in total ozone is a bit smaller for the southern hemisphere than it is
for the northern hemisphere.

Even in the tropics there is reasonable agreement between the modelled and ob-
served total ozone trend (Fig. 4). Interestingly, there appears to be a relatively large
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solar signal present in the tropical total ozone observations, with reduced levels of
ozone during the minimum periods of solar activity in the middle of the 1980s and the
1990s and with enhanced ozone during solar maximum periods. There is no solar cy-
cle effect included in the model calculations presented here. Figure 5 summarizes the
results for the overall region between 60◦ S and 60◦ N.5

Figure 6 shows the profile of the modelled ozone change between 1980 and 2005 for
northern hemisphere mid-latitudes (45◦ N). There is a relatively large modelled ozone
decrease in the tropopause region, as a result of the model calculating some chlorine
activation in this region (corresponding to ClO noon values of about 50 pptv). Again, it
is not clear how realistic the results are for the upper troposphere and the tropopause10

region, given the model’s limitations in these regions.
It is evident from Fig. 6 that anthropogenic bromine emissions have a very large

effect on the ozone trend in the stratosphere between the tropopause and about 25 km
altitude. Above 30 km altitude the effect of bromine is small. Except for the lowermost
stratosphere, the inclusion of enhanced bromine due to short-lived source gases has15

only a minor effect on the calculated ozone decrease. The picture changes, however,
for periods of enhanced aerosol surface area. Figure 7 shows the calculated ozone
change for March between 1980 and 1993. Under these conditions the 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 by20

Salawitch et al. (2005).

3.2 Bromine α

As noted above, the greater effectiveness of bromine compared to chlorine for ozone
destruction is the result of two effects: (a) most of the bromine source gases have
a shorter stratospheric lifetime than the chlorine source gases, so that the ratio of25

inorganic bromine (Bry) to inorganic chlorine (Cly) in the lower stratosphere is larger
than the ratio of total bromine to total chlorine, and (b) bromine is chemically more
effective than chlorine in destroying ozone. The chemical effectiveness of bromine
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relative to chlorine for ozone destruction is given by the so-called α-factor. Locally
in the stratosphere the α-factor is defined as the change in ozone due to a change
in bromine per inorganic bromine molecule, divided by the change in ozone due to
chlorine per inorganic chlorine molecule (Daniel et al., 1999):

α =
∆O3−Bry

/∆Bry

∆O3−Cly
/∆Cly

.
5

An effective value of αcolumn for column ozone loss can be defined by the change in
column ozone due to bromine per inorganic bromine molecule, divided by the change
in column ozone due to chlorine per inorganic chlorine molecule:

αcolumn =
∆O3−column−Bry

/∆Bry

∆O3−column−Cly
/∆Cly

,

assuming that the ratio ∆Cly/∆Bry is constant with altitude. Similarly one can define10

also an effective value of αglobal for global ozone loss. Following Daniel et al. (1999)
we have calculated α here by performing three model runs: (a) a standard run, (b) a
model 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 time as CFC-11 but which releases bromine instead of chlorine.15

This procedure ensures that the ratio of ∆Cly/∆Bry is constant throughout the model
stratosphere. Technically, we have increased chlorine and bromine by 50% over the
base run. However, previous model calculations showed no significant difference in α
for bromine and chlorine increases varied between 10 and 50%.

We have calculated α for two scenarios: The standard scenario without bromine20

from short-lived compounds and the other scenario with CH2Br2 and CHBr3 included.
For both scenarios α is calculated in the same way by increasing bromine from the
CFC-11-like tracer. Moreover, we have also performed yet another set of model runs
to calculate α using JPL-97 reaction rate recommendations (and without bromine from
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short-lived compounds) to allow a quantitative comparison with the results of Daniel
et al. (1999).

Figure 8 shows the profile of the local α-factor for March at 47◦ N. The profile of α
looks qualitatively similar to the results shown by Daniel et al. (1999), but also shows
some differences: The peak value of α of about 170 at 15 km is much larger than5

the value shown by Daniel et al. (1999). Secondly, while the calculations of α by
Daniel et al. (1999) continuously increased towards the tropopause and into the upper
troposphere, our α shows lower values again in the tropopause region, probably as a
result of the calculated chlorine activation in the tropopause region.

Figure 8 shows that for spring-time conditions the enhanced bromine loading due10

to short-lived compounds actually decreases the profile of α slightly. The reason for
this is probably that the additional bromine from short-lived compounds provides a
reaction partner for the chlorine, making ozone loss due to chlorine more effective
(and thus reducing the relative effectiveness of bromine). However, as can be seen in
Fig. 9 for March at 47◦ S, during other seasons the enhanced bromine from short-lived15

compounds can also increase local α.
Effective αcolumn values as a function of month and latitude are shown in Fig. 10.

These calculations were done with the most recent reaction rate recommendations
and in the presence of enhanced bromine from short-lived compounds. As can be
seen, there is a minimum in column α in the tropics with values around 50 to 60, and20

higher values of around 70 to 80 in the mid-latitudes of both hemispheres. Very large
values of α are reached in the high latitudes during summer and autumn, in particular
in the northern hemisphere, with values as high as 140. These high values of column
α in the summer/autumn high latitudes are in accordance with very high local values
(α≥300) at around 25 km altitude. They correspond to situations where ozone loss is25

mainly controlled by nitrogen oxides (NOx) and result from the fact that an increase of
chlorine will lead to a decrease in NOx, compensating the effect of the chlorine increase
for ozone loss, while an increase in bromine has no significant effect on NOx.
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The global annual mean value of α from these model runs is αglobal=73, a value
that is considerably larger than the value of αglobal=45 given by Daniel et al. (1999).
For the scenario without the short-lived bromine source gases the global α reduces to
αglobal=71. Changes in reaction rates since JPL-97 have contributed to an increase in
the calculated value of α. For the scenario using JPL-97 reaction rate recommenda-5

tions and without additional bromine from short-lived compounds we get a global value
of αglobal=64 (Fig. 11). At least part of the increase in α between JPL-97 and JPL-05 is
due to a decrease in the effectiveness of chlorine induced ozone loss, as a result of a
decrease in modelled ClO and a decrease in the rate constant for the reaction of ClO
with HO2.10

Recently, updated values of α were calculated in support of the 2006 WMO/UNEP
Ozone Assessment also with the University of Illinois at Urbana-Champaign (UIUC)
2-D model and with the AER 2-D model. Both models calculate a global mean α of
61 using the preliminary JPL-05 kinetics in the presence of the 6 pptv of additional
bromine from short-lived compounds (D. Wuebbels and D. Weisenstein, personal com-15

munication, 2006). With a previous version of the AER model using JPL-97 kinetics
Ko et al. (1998) calculated a bromine efficiency factor for CH3Br of 58. Assuming a
fractional release factor of 1.12 for CH3Br relative to CFC-11 (World Meteorological
Organization, 2003, Table 1-4) this corresponds to αglobal=52. These results thus pro-
vide further evidence that the value of α may indeed be significantly higher than the20

previously used value of 45 and suggest that there could be relatively large differences
in calculated α values among different models.

4 Summary and conclusions

We have calculated the changes in stratospheric ozone over the period 1980 to 2005
for specified changes in the halogen loading, using a 2-D model. The modelled ozone25

trend agrees reasonably well with the observed trend in column ozone derived from
the merged TOMS/SBUV data set, over both the northern and southern hemisphere.
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A large fraction of the modelled downward ozone trend at mid-latitudes is due to an-
thropogenic bromine emissions. E.g., the model run with the fixed 1959 bromine load-
ing, corresponding to a situation without anthropogenic bromine emissions, produces
a downward trend in northern hemisphere mid-latitude total ozone that is only ≈55% of
the modelled ozone trend including all halogen increases. In this sense anthropogenic5

bromine emissions are responsible for ≈45% of the modelled northern hemisphere
mid-latitude ozone reduction between 1980 and 2005. Because the contribution of
Halon-2402 was not considered in the present source gas scenario, the increase in
bromine loading due to anthropogenic emissions is probably underestimated here by
about 10–15%. This means that the contribution of anthropogenic bromine emissions10

to the ozone trend could be even larger, with bromine responsible for about half of the
halogen-induced downward ozone trend at northern hemisphere mid-latitudes.

The impact of bromine on ozone depletion is largest in the lower stratosphere. The
addition of bromine from short-lived source gases increases the modelled downward
ozone trend and is particularly important for periods of enhanced stratospheric aerosol15

loading following volcanic eruptions. The chemical effectiveness of bromine relative
to chlorine for stratospheric ozone destruction, expressed by the α-factor, increases
slightly on a global average if the enhanced stratospheric bromine loading due to short-
lived source gases is taken into account. The global annual mean α from our model cal-
culations increases from 71 for the scenario without short-lived bromine source gases20

to 73 including short-lived bromine source gases. These values of α are considerably
higher than the currently used value of 45 (Daniel et al., 1999). Updates of reaction
rate recommendations have contributed to the increase in α but can not explain all the
differences between our calculations and previously published results. Because α is
directly used in the calculation of ozone depletion potentials for bromine source gases25

a better understanding of the reasons for the differences in α between different models
is important. One of the next steps needed is a study that compares calculations of α
for a collection of independent models to assess the possible range of α.
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Fig. 1. Source gas scenario (global mean surface mixing ratios) used in the model calculations.
(a) Chlorine compounds. The difference between the contribution from the indicated source
gases and the total chlorine loading (heavy line) is due to HCFCs and other minor CFCs. (b)
Total bromine loading due to CH3Br, Halon-1301, and Halon-1211 only (thick solid line), as
well as the assumed additional contribution due to the very short-lived source gases CHBr3
and CH2Br2 (thick dashed line). The exact contribution of the very short-lived gases to the
total bromine loading in the real atmosphere is still unclear at present. Note that the model
calculations here did not include any other halons such as Halon-2402.
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Fig. 2. Change in northern hemisphere mid-latitude (30◦ N–60◦ N) column ozone since 1980.
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Fig. 3. As for Fig. 2 but for southern hemisphere mid-latitudes (30◦ S–60◦ S).
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Fig. 4. As for Fig. 2 but for the tropics (30◦ S–30◦ N). Note the change in scale compared to
Figs. 2, 3, and 5.
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Fig. 5. As for Fig. 2 but for global ozone between 60◦ S and 60◦ N.
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Fig. 6. Modelled annual mean ozone change at 45◦ N between 1980 and 2005 in
molecules/cm3.
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Fig. 7. Same as for Fig. 6 but for modelled ozone differences between March 1980 and March
1993. This illustrates that the effect of additional bromine from very short-lived source gases is
largest during periods of enhanced stratospheric aerosol loading.
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Fig. 8. Calculated bromine α as a function of altitude during March at 47◦ N. The solid line
is from the standard model run while the dashed line is from the model run with enhanced
bromine loading due to very short-lived source gases.
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Fig. 9. Same as Fig. 8 but for 47◦ S.
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Fig. 10. Calculated αcolumn from the model run with enhanced bromine loading due to very
short-lived source gases as function of latitude and season. Values larger than 80 are shaded.
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Fig. 11. As Fig. 10 but for JPL-97 kinetics and without additional Bry from short-lived com-
pounds.
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