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Abstract. We have used a global three-dimensional chem-1 Introduction
ical transport model to quantify the impact of the very
short-lived substances (VSLS) CHBICH,Br,, CHBRCI, The bromine (Br) budget of the stratosphere is largely con-
CHBIClp, CH,BrCl and GHsBr on the bromine budget of trolled by anthropogenic emissions of long-lived source
the stratosphere. Atmospheric observations of these gasggses (SGs) such as halons (e.g. GBeRd methyl bromide
allow constraints on surface mixing ratios that, when incor-(CHsBr). These SGs are sufficiently long-lived that tropo-
porated into our model, contribute4.9-5.2 parts per tril-  Spheric gradients are small. In recent years, it has been sug-
lion (ppt) of inorganic bromine (B) to the stratosphere. gested that very short-lived substances (VSLS) of predom-
Of this total, ~76 % comes from naturally-emitted CHBr inately natural origin may provide an additional source of
and CHBr,. The remaining species individually contribute Stratospheric inorganic bromine (£t-5) (e.g.,Sturges et a).
modest amounts. However, their accumulated total account800Q Dorf et al, 200§. The magnitude of this supply is
for up to~1.2 ppt of the supply and thus should not be ig- thought to be 6(3-8) ppt, representing@5 % of total strato-
nored. We have compared modelled tropical profiles of aspheric bromineNlontzka and Reimann et aR011).
range of VSLS with observations from the recent 2009 NSF Natural emissions of VSLS are predominately from ma-
HIPPO-1 aircraft campaign. Modelled profiles agree reasontine macro-algae/phytoplankton and show large variability in
ably well with observations from the surface to the lower space and time (e.gGarpenter et al1999. From the trop-
tropical tropopause layer. ical marine boundary layer (MBL), troposphere-stratosphere

We have also considered the poorly studied anthropogenitransport can be rapid (hours) in deep convective updrafts.
VSLS, GHsBr, CH,BrCH.Br, n-C3H7Br and i-CzH7Br. The Western Pacific is a strong convective source region for
We find the local atmospheric lifetime of these species inair entering the tropical tropopause layer (TTL) (e As-
the tropical tropopause layer are183, 603, 39 and 49 chmann et al.2009. Rapid convective transport allows
days, respectively. These species, particuladiié€Br and  short-lived SGs to escape oxidation in the troposphere and
CH,BrCH,Br, would thus be important carriers of bromine detrain in the lowermost stratosphere (LMS). Once photol-
to the stratosphere if emissions were to increase substantiallysed, reactive inorganic products (e.g., BrO) take part in cat-
Our model shows-70-73 % and-80-85 % of bromine from  alytic ozone (Q) depleting cycles (e.g., BrO + CIO) (e.g.,
these species in the tropical boundary layer can reach th&innhuber et al.2003. The most important natural VSLS
lower stratosphere. are bromoform (CHBy) and dibromomethane (GIBr»2) due

to their relatively large emissions and for gBBt» in partic-
ular its long local lifetime (e.g.Hossaini et al.2010. To
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date, most model work has focused on quantifying the strato-  we examine the sensitivity of §F-S to two treatments
spheric By supply from these VSLS (e.gHossaini et al. of convection.

201Q Liang et al, 2010. These studies estimate a supply
of ~2.4 and 5ppt, respectively. The larger latter value is
likely due to the explicit modelling of wet deposition (i.e. re-

Section 2 describes the model, improvements on our pre-
vious model set up (Hossaini et al., 2010) and experiments
performed. Results are presented in Sect. 3 along with a de-

moval in precipitation) of soluble Br The assumed uniform o .
10-day lifetime of By, employed inHossaini et al(2010), scription of the NSF HIPPO-1 daFa. Conclqsmns and recom-
mendations for future work are discussed in Sect. 4.

is likely an underestimate (in some regions) and thus re-
sults in too much scavenging of soluble products (&\gch-
mann et al. 2013). Other model studies have considered 2 Model description
dibromochloromethane (CHBCI), bromodichloromethane
(CHBrCl) and bromochloromethane (GBIrCl) in addition TOMCAT/SLIMCAT is a three-dimensional (3-D) chemical
(e.g.,Warwick et al, 2006 Schofield et a].2011). Warwick transport model (CTM) described in detail Bhipperfield
et al. (2006 reported a total BfS-S contribution of 6-7 ppt  (200. For this study we ran the CTM with 38 hybrid- p
from these species. Variation in the calculated contribution ofvertical levels extending from the surface485 km and with
VSLS is expected due to different treatment of emissions andh resolution of 5.6x5.6°. The offline model is forced by
transport processebl¢yle et al, 2011, Feng et al.2011). analysed winds taken from the European Centre for Medium-
Some VSLS have a predominately anthropogenic sourceRange Weather Forecasts (ECMWF) ERA-Interim reanaly-
e.g. n-propyl bromide (n-§H7Br, nPB), i-propyl bromide sis. The CTM includes aanline parameterisation of cumu-
(i-C3H+Br, iPB), ethyl bromide (@HsBr) and ethylene di-  lus convection based on tiédtke(1989 mass flux scheme
bromide (CHBrCH,Br, EDB). nPB is currently used as are- (Stockwell and Chipperfieldl998. This CTM set up is de-
placement compound for some chlorofluorocarbons (CFCsscribed inHossaini et al(2010 and has been shown to simu-
e.g., CFC-113) and for methyl chloroform (GECI3). It late the transport/chemistry of short-lived tracers reasonably
is used for industrial metal degreasing and electronic parwvell.
cleaning Montzka and Reimann et aR011). C,yHs5Br is We have made two improvements comparedHtssaini
used in chemical synthesis, as a refrigerant and as a flame ret al. (2010. First, as model convection is an uncertainty,
tardant. Observations show surface mixing ratios0f3ppt ~ we also now include an additional approach to Tiedtke
(Low et al, 2003 and 0.09-0.49 pptZarpenter et a/11999. (1989 mass flux scheme. Here the CTM can be forced with
EDB is used as a fumigant and has been observecbgipt ERA-Interim archived convective updraft/downdraft mass
and 1 pptin urban areaBi@att et al,2000 and the South Pole fluxes and detrainment ratesgng et al.2011). Second, we
(Khalil and Rasmusse1985, respectively. model the wet deposition of soluble Bin both large-scale
In general theseninor VSLS are poorly studied and ob- dynamic and also convective precipitatiddi&nnakopoulos
servations are sparsd.aube et al.(200§ have suggested et al, 1999. The fraction of By available for wet deposi-
unidentified peaks in their chromatogram from air sampledtion is altitude-dependent. Here we partitio, Bmong non-
at 15.2km point towards the presence ofHgBr, nPB  soluble products (e.g. BrO) and soluble HBr using a HBy:Br
and EDB. These balloon-borne measurements were made iratio from a previous full chemistry TOMCAT integration
2005 in the tropics (Teresina, Brazil). These species are estiBreider et al. 2010.
mated to currently contribute0.2 ppt of organic bromine in In this study we include 9 bromine-containing VSLS
the TTL region Montzka and Reimann et aR011). Quan-  SG tracers (see Table 1) and the following long-lived
tifying the present-day contribution of these unregulated an-species: methyl bromide (GBr), Halon-1211 (H1211,
thropogenic VSLS on stratospheric,Bs important. In this  CFBrCl), Halon-1301 (H1301, CBrfj} and Halon-2402
study we have used a global model constrained by observaH2402, GBryF4). The CTM here also includes methyl
tions to iodide (CHsl) and an idealised tracer with a 6h lifetime
S ) .. (iehr). These shorter lived species are useful for assess-
1. Evaluate_modelled dlstr|bu_t|on of bromine-containing ing troposphere-stratosphere transport in modelled convec-
VSLS with new observations from the 2009 NSF iion The model surface mixing ratio of most SGs are con-
HIAPER Pole-to-Pole (HIPPO-1) campaigW@fsy  girained by HIPPO-1 observations in the tropical regions. For
et al, 201]) and ongoing National Oceanic and Atmo- B, and CHBrCI the model is constrained by the es-
spheric Administration/Earth System Research Laborasimated MBL mixing ratios, based on a compilation of ob-
tory (NOAA/ESRL) measurement programs. servations, provided ihaw and Sturges et a{2007. Ob-
2. Calculate the local atmospheric lifetimes of poorly stud- Servations of EDB, nPB and iPB are sparse. For these gases,
ied GHsBr, CHoBrCH,Br, n-CsHBr and i-GsH-Br. the quel surface mixing ratio cannot be constrained by ob-
servations and thus have an arbitrary value at the surface.
3. Estimate BY°'S in the tropical lower stratosphere. Therefore, these gases are not considered in the calculated
Given convection is an uncertainty in a global model, BryS-®.
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Table 1. Model Br-containing source gases and assumed surfac&U" _&“Chived where convectlvg transport IS f-or.c-ed. with
volume mixing ratio (vmr ppt2). archived mass fluxes. Both simulations were initialised on

1 January 2005 and run for 3 years.

Source gas Formula Source  Surface vmr

Methyl bromide CHBr NA)  7.50° 3 Results and discussion

Halon 1211 (H1211) CBICl A 423 ]

Halon 1301 (H1301) CBrf A 3.152 3.1 Modelled tracer profiles

Halon 2402 (H2402) 6BroFy A 0.462

Bromoform CHBg N(A)  1.20%P The modelled source gas profiles of gBt, H1211, H1301,
Dibromomethane ChBr N 1.02P H2402, CHBg, CHyBrp, CHBICI, CoHsBr and CHl are
Dibromochloromethane — CHBEI N 0207 shown in Fig. 1. We compare with aircraft observations in
Bromodichloromethane CHBr¢l N(A) 0.3%F . .
Bromochloromethane GHBIC N 047 the tropics £ 20°) fron_"n the recent NSF HIPPO-1 campaign
Ethyl bromide GHsBr A 0.30% (January 2009%ttp://hippo.ornl.goy. The HIPPO program
Ethylene dibromide (EDB) CpBrCH,Br A - is an ongoing series of global aircraft measurements span-
n-propyl bromide (nPB) n-gH7Br A - ning global latitudes from the near North Pole to coastal
i-propyl bromide (iPB) -GH7Br A - Antarctica. The NSF Gulfstream V aircraft is used to sam-

ple the atmosphere from the surface+d4 km. Numer-
@ Best fit to HIPPO observations (this work).

b Best fit to observations{ossaini et al.2010). ous trace gases have been measured including the green-
¢ Estimated tropical MBL mixing ratiol(aw and Sturges et a007. house gases COCHyg, N2O and also CO, S CFCs, VSLS
Sto:[((;gog%tla both natural (N) and/or anthropogenic (A) taken tram and Sturges etc. (\Nofsy et al, 201])_ Whole air samples, collected

in stainless steel and glass flasks, from 5 flights were anal-
ysed using gas chromatography/mass spectrometry (GC-MS)

There is significant uncertainty in the surface emissions ofin two different laboratories; the University of Miami and
natural and anthropogenic VSLS. There is likely to be con-NOAA/ESRL (Schauffler et a).1999. Mixing ratios re-
siderable spatial variation in the location of emission (e.g.,ported by the Miami laboratory were multiplied by factors
Law and Sturges et al., 200\Warwick et al.(2006 found  of 0.90, 0.94, 0.98, 0.94, 0.81 and 1.01 for 484, H1301,
significant variation in modelled CHBIprofiles depending H1211, H2402, CkBr, and CHBE, respectively, to be con-
on source region. While use of spatially varying emissionssistent with the NOAA/ESRL laboratory calibration scale.
for CHBr3 and CHBr» is possible (e.g., Liang et al., 2010), We also consider January 2009 monthly mean surface
emissions of minor VSLS (e.g., CHBEI) are poorly quan- observations from an ongoing NOAA/ESRL program at
tified. For simplicity, and to overcome some of this uncer- three sites in the Pacific Basin; American Samoa (SMO,
tainty, in the model runs presented here we do not specifyl4.3 S, 170.6 W), Mauna Loa (MLO, 19.5N, 155.6 W)
emissions but instead we overwrite the surface volume mix-and Cape Kumukahi (KUM, 19°5N, 154.8 W). Whole air
ing ratio (vmr) of the halogenated source gases. The surfaceamples were collected weekly into paired steel or glass
vmr is constant with latitude and longitude within the trop- flasks and have been analysed (GC-MS) in the same labo-
ics and is scaled so that the model gives good agreement withatory as the HIPPO measurements. Aircraft observations
observation in the free troposphere, where available. This apup to~6.5kma.s.l. over Raratonga (2118, 160.0 W) are
proximation is better for longer-lived species which will be also considered. These additional observations are consis-
mixed by transport processes and are the species which atent in space/time with the observations from HIPPO. Fur-
potentially more important for transport to the stratospherether description of the NOAA/ESRL surface network can be
For VSLS, our approach will not capture potentiat spot  obtained inMontzka et al.(2003. For this comparison, the
regions where surface fluxes are relatively large. model is averaged over the flight days and also in space. The

Loss of SG occurs via oxidation by OH and photol- TTL base is defined as the level of main convective outflow
ysis. Rate constants and absorption cross sections are-12km) and the top as the cold-point tropopause (CPT,
taken from Sander et al. (200§ where available. SG ~17km). Theupper TTLis defined as beyond the level of
degradation is assumed to releasg Bnmediately (i.e.  zero radiative heating, where slow radiatively-driven ascent
CHBrz 4+ OH— 3xBry). This assumption, which ignores dominates over convective mixinggw and Sturges et al.
any organic product gases (e.g. GBJ, has been shown 2007).
to be good for CHBs and CHBr, (Hossaini et al.2010. Both runs Siagnosed@nd Sirchived ShOw good agreement
Henry’s law constants needed for calculating the wet deposiwith observations. Model profiles of CHBand CHBr»
tion of soluble By products are taken from Law and Sturges give good agreement when constrained by 1-1.2 ppt at the
et al. (2007). surface. This is consistent with previous aircraft comparisons

We have performed 2 model simulations; run (Hossainietal.2010. The profilesindicate-0.5 and 0.8 ppt
Stiagnosed Where we diagnose convective transport andof CHBr3 and CHBr; in the lower TTL, respectively. This

www.atmos-chem-phys.net/12/371/2012/ Atmos. Chem. Phys., 12, 33806-2012
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CFBrC| . CBrf, 1 observations show CHBEI mixing ratios of 0.1-0.2 ppt

in the lower TTL. This is again consistent with previously
observed mixing ratios of 0.1(0.06-0.15) pptdntzka and
Reimann et a).2011). The anthropogenic short-lived sub-
stance, GHsBr, was also detected in the TTl~0.4 ppt).
nPB was below the detection limit 6f0.5 ppt.

Overall, run QychiveaShows more tracer transported to the
upper TTL. This can be expected given the archived mass
fluxes show strong convection in the tropics (eldayle
o W et al, 2011 Feng et al.2011). However, the averaged pro-
& ‘ files in Fig. 1 show only small differences between runs
e o (O OISR NSNS 29 30 81 97 33 34 Sdiagnosed®Nd Sirchived, Particularly for the relatively longer-

CHEr, lived gases for which vertical transport in convective cells is
T less important. The differences between the two model runs
is discussed further in Sect. 3.2.

20 T 20

Altitude / km
=

L 1 0 L L I

20

" 3.2 Archived versus diagnosed convection

The implementation of 6-hourly ECMWF archived convec-
tive mass fluxes in the TOMCAT CTM is describedReng
et al.(2011). Here we use observations of short-lived halo-
gen species in the mid-upper troposphere to examine the
o performance of these fluxes compared to fluxes diagnosed
e P within the model. The archived convective updraft mass flux
vmr / pet vmr /' pot shows non-zero values at 100 hPalg.5km). The diag-
JURR s o - CHd nosed convection typically does not extend above 200 hPa
(~12.5km) and this does not capture deep convective events
(Feng et al.2017). To investigate the differences between
runs Siagnosed@nd Syrehived further, we also consider GH
a trace gas with a local lifetime of7 days and thus shorter
lived than any of the bromine-containing VSLS previously
discussed (Law and Sturges et al., 2007). Figure 2 shows
modelled profiles of CHl in the tropics from both runs

I O — Sdiagnosed@nd Syrchived Versus observations made on board

Altitude / km

20

Altitude / km
=

the DC8 aircraft during the 2007 NASA TC4 campaign (see
0 0 L b Hossaini et al. (2010) for campaign description).
00 O S 0400 02 O P 080002 I e e TP In Fig. 2, the difference between the two convective set
ups is more pronounced than for the longer-lived bromine-
Fig. 1. Mean observed and modelled tropical 20°) mixing ra- containing VSLS. With an assumed uniform surface mix-
tio (ppt) of (a) CH3Br, (b) CRBrCl (H1211),(c) CBri3 (H1301), ing ratio of 1ppt in the tropics, both runsyignosedand
(d) CoBroF4 (H2402), (e) CHBr3, (f) CHoBry, (g) CHBICI, Sarchivedgive reasonable agreement with the observations. A
(h) CoHsBr and (i) CHgl. Observations (filled circles) taken syrface mixing ratio of 1 ppt is within the estimated range
from the NSF HIPPO-1 campaign (January 2009). Horizon-of 0.3-1.9 ppt for the marine boundary layer reported by
tal bars denpte min-max varlablll'.[y of ok?servatlons at given Montzka and Reimann et a{201%). Run Sychived Shows
level. Open circles denote observations during January 2009 fronéignificantly more CHl in the TTL. This appears to pro-

three NOAA/ESRL surface sites (blue points from SMO, 2463 id better fit to ob fi ticularly for fliaht
170.6 W, 77mas.l; MLO, 195N, 155.6W, 3397ma.s.l; /d€ @ DEUEriit to observations, particuiarly for Tights on

KUM, 19.5° N, 154.8 W, 3ma.s.l.) or from vertical profiles (red the 5/8 August 2007 (see F'g 2). ) ) ]
points sampled over Raratonga®®&, 159.8 W). The zonally averaged mixing ratio of the idealised tracer

with a 6 h lifetime (i6hr), CHI, CHBr3 and CHBr2 at the
approximate base of the TTL~Q00 mb) and the tropical
cold point tropopause (CPT100mb) is shown in Fig. 3.
is consistent with the lower TTL (12-14 km) mean mixing i6hr was initialised at 1 ppt at the surface at the start of the
ratio and range of 0.61(0.3-1.1) ppt and 0.92(0.77-1.15) ppsimulation. Run &chived transports more tracer to higher
reported byMontzka and Reimann et &2011) and based altitudes in all seasons with the largest difference between
on a compilation of previous observations. The HIPPO-runs Sjagnosed@nd Srchived being for the relatively shortest

Atmos. Chem. Phys., 12, 371380, 2012 www.atmos-chem-phys.net/12/371/2012/
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3.3 Source gas local lifetimes

We have calculated the local lifetimesgta)) Of Source gases
in the model using:

Tloclal = Toﬁ"‘ Thul

Heretoy andzy, are the lifetimes with respect to OH oxi-
dation and photolysis, respectively. The annual tropical mean
lifetimes of GHsBr, EDB, nPB and iPB are shown in Fig. 5.
Note, the equivalent lifetime plots of CHBand CHBr; can
be found inHossaini et al(2010.

For these species OH oxidation is the dominant sink in
the troposphere. ForgEi5Br, the simulated local lifetime is
~18days at the surface and up +d83days in the TTL.
Similarly for EDB, the local lifetime is~30 and up to
~603 days at the surface and in the TTL, respectively. The
long local lifetime in the cold TTL is due to the strong tem-
perature dependence of the OH sink reaction. Once in the
TTL, C2HsBr and EDB are thus potentially important carri-
ers of bromine to the stratosphere.

It is clear that local lifetimes of VSLS can vary substan-
tially with altitude. The simulated local lifetime of nPB is
~6 days at the surface and up to 38days in the TTL. Sim-
ilarly for iPB, we find local lifetimes of 8 (surface) and
49 days (TTL). For these species with relatively shorter life-
times at the surface, rapid convective transport to the TTL is

S15 -%0 45 0 45 90 135 likely required for their source gas contribution to be signif-

i6hr at CPT / % of surface icant. The tropospheric mean local lifetimes of VSLS have

e e a— also been calculated. These values are shown in Table 2.

Our simulated local lifetimes in the TTL vary from those

Fig. 4. Percentage (%) of the surface mixing ratio of the idealised quoted in the recent World Meteorological Organisation
tracer (i6hr) at the cold point tropopause frqi) Sarchived and (WMO) Assessment Report (Montzka and Reimann et al.,
(B) Sdiagnosed Initial uniform surface vmr of 1 ppt. 2010). The reason for this is that the WMO values are
based on OH loss rates calculated using a uniform tropo-

spheric OH concentration §110° molecules cm?) and for

lived species (e.g. i6hr, Gif). For CHgl, CPT mixing ratios g temperature of 275K, i.e. representative of the surface.
are within the estimated range of 0.02-0.18 ppt reported byrhe simulated local lifetimes here are derived using a spa-

Law and Sturges et al. (2007) for the tropical upper tropo-tially/temporally varying OH field (and photolysis) and can
sphere. The CPT Cifi mixing ratios from Siagnosed@r® UP  be quoted as a function of temperature/altitude. A direct
to ~6x lower. For CHBg and CHBr, both the TTL and  comparison of the two is therefore not appropriate, but if a
CPT mixing ratios are less sensitive to the choice of ConveC'gas is Sufﬁcient|y |0ng_|ived to be transported away from the

tion scheme. surface then the WMO lifetimes may not be applicable.
Figure 4 shows the annual mean mixing ratio of i6hr at

the CPT for runs @agnosed@nd Sichived. Clearly, stronger 3.4 Modelled total bromine

convection with run §chivegleads to a larger modelled mix-

ing ratio at this level. Here, the strongest convection oc-The modelled source gas injection (SGI), product gas injec-
curs over the Western Pacific, indicating a strong source retion (PGI) and total bromine (SGt PGI) for VSLS, CHBr
gion for the troposphere-stratosphere of VSLS — consistenand the halons is shown in Table 2. SGI is the organic
with Aschmann et al(2009. For studying the troposphere- bromine resulting from direct transport of a source gas to the
stratosphere transport of relatively shorter lived gases (infower stratosphere (i.e. for Girz, 2 x the SG mixing ratio
cluding species whose lifetime is equal to or less than tha@t the tropopause). Similarly, PGl is the contribution from

of CHgl), the choice of convection scheme is clearly impor- the inorganic products, formed following SG degradation.
tant. The total bromine contribution frormajor VSLS CHBR

and CHBry is ~2.09 and 1.69ppt (tropical mean), re-
spectively from simulation §xgnosed- The contribution is

Atmos. Chem. Phys., 12, 371380, 2012 www.atmos-chem-phys.net/12/371/2012/
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Fig. 5. Modelled mean local tropical lifetime (days) with respect to OH oxidation, photolysis and to{@)f&@>HsBr, (B) CH,BrCH,Br,
(C) n-C3H7Br and(D) i-C3H7Br. Horizontal lines denote the approximate TTL.

Table 2. 2007 tropical mean source gas injection (SGI), product gas injection (PGI) and total broming P&3) loading from VSLS,
CHgzBr and the halons in the lower stratosphere. Results are from simulaipggsaefnNd Sirchived-

SGlI (ppt) PGI (ppt) Tot&
Specie8 Sdiag  Sarch  Sdiag  Sarch Sdiag Sarch
CHa3Br 677 690 033 029 7.11[95] 7.19[96]
H1211 3.94 3.98 0.21 0.19 4.15[98] 4.17[99]
H1301 3.09 309 004 004 3.13[99] 3.13[99]
H2402 0.86 0.87 0.04 0.04 0.90 [98] 0.911[99]
CHBr3 {21) 1.06 141 1.03 091 209[58 2.32[64]
CHuBrp (212 149 158 020 0.16 1.69[85] 1.74[87]
CHBrCI {42 019 022 010 008 0.29[73 0.30[75]
CHBrCL {35} 0.4 017 009 007 023[70] 0.24[73]
CH.BICl {274 037 039 004 003 041[87] 0.42[89]
CoHsBr (72) 017 019 004 003 021[70] 0.22[73]
EDB {200 - - . - —[80] —[85]
nPB(17) - - - - — [40] —[50]
iPB (21) - - - - —[50] —[60]
> VSLS 3.42 3.96 1.50 1.28 4.92 5.24
STALL 18.08 18.80 212 184 20.21 20.64

2 Values in curly bracketd () give the mean species-weighted tropical tropospheric lifetime (days).
b values in square brackets ([ ]) give the fraction of total boundary layer bromine reaching the lower stratosphere (%).

larger (2.32 and 1.74 ppt) from simulation,&iveqd - The ulation Sychived IS Most significant for the shortest lived
larger SGI values from simulation,@hivegare due to deeper tracers. For Chl (PGl not considered), expressed as a
model convection from the ECMWF ERA-Interim fields. tropical mean,~1.0% and 3.6 % of the source gas sur-
This allows more rapid tracer transport to the cold TTL face vmr (1 ppt) reaches the lower stratosphere from runs
where the SG lifetime is relatively longer. As noted pre- SgiagnosedNd Sirchived, respectively. Run gchivedalso expe-
viously (see Sect. 3.2), the increased upwelling from sim-riences more spatially widespread convection and thus also
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2007 Tropical Mean Total Bromine species to total stratospheric bromine is shown in Fig. 6.
m T & T % o | ‘ The model (Srchived) Shows~21 ppt of total bromine in the
stratosphere. We find a total > supply of~4.9-5.2 ppt
for runs SQyiagnosed@nd Sirchived, respectively. This range is
consistent with the inferred §P-S supply of 5.2¢ 2.5) ppt
by Dorf et al. (2008. This study used ballon-borned
DOAS (Differential Optical Absorption Spectroscopy) mea-
surements of BrO in the stratosphere. Combined with mod-
elling work the authors were able to infer the VSLS, Bon-
tribution (from the BrO/By ratio). Our By/S"* estimate of
~4.9-5.2 ppt is also in reasonable agreement with estimates
L based on ground-based BrO observations; for example, 6
1000+ ‘ AN | (3-9) ppt (Schofield et al., 2006). However, it is signifi-
0.1 1.0 10.0 cantly lower than the estimate of 8.4 (6.4—10.4) ppt of Sioris
Br/ ppt et al. (2006) from SCIAMACHY satellite BrO profiles.
Of the VSLS with a solely anthropogenic source, we have
only considered gHsBr in our calculated value of @’?'—5.
Our result may therefore represent a lower limit due to EDB,
nPB and iPB not being included in the calculatidfontzka
Fig. 6. Modelled tropical mean total bromine (ppt) for 2007 and and Re_lmlar:jp eta(201]) estlmatedthat minor gnthropogsnlc
from simulation Qychiveq- Dashed horizontal lines denote the ap- VSLS inciuding GHsBr, EDB and nPB species contribute
proximate base of the TTL and the cold-point tropopause (CPT). <0.2pptvia the_' SGl pathway. Our model Sho_V@'E{Br and
EDB are sufficiently long-lived to be potentially important
carriers of bromine to the stratosphere. Simulations show,
regardless of the surface vm¥70—73 % and 80-85 % of to-

{)_rem?cltatllogl. Eh".s |ncrtea}ses the "ks\lllhOOd Ic()jf v;/et depostl- tal surface bromine from £HsBr and EDB in the tropics can
ion of soluble By in certain regions. We would also expect . .t o jower stratosphere.

var|?t|on deg_en:jr:ng ondtr}elgarai%etz?ksati%gof CL:]mUIUS_ €ON" \we have also quantified tropospheric loss of the major
vec(;otr: L:Sde.ﬁ n te moade .t _eret_ © thei Q_SC eme ISI bf/)ng—lived SGs. Tropospheric loss of the halons in the model
used but different parameterisations that provide more (less as found to be negligible. For GBr we find ~0.7 ppt of

f;jequent/mtg]nse cgnﬁegtgéluiwi:mg WOUIdI I|I]fely| 'rt‘)lcreasisource gas is removed in the troposphere frafagSsed;
(decrease) the modelle - 1S INeremoval of SOIUBIE Prody o of the assumed 7.5 ppt surface boundary condition. This
ucts are coupled to the convective precipitation this could

. . . is consistent with the estimated radients of 0-15 %
also lead to a decrease (increase) in the delivery pfdm ! I w I GBI gradi °

VSLS reaching the stratosphere via the PGI route. Physicalrler)orted bySchautffler et al(1999. The PGI route still al-

: i . . ows ~0.33 ppt of the resulting Brto enter the stratosphere.
atmospheric removal of Biin the TTL is also possible from Therefore,~0.4 ppt of bromine is physically removed from

adsorptign on to ice. Howeyer, according to recent mOdelthe atmosphere~5 % of the surface boundary condition).
work, this process (not considered here) represents only ;g req it implies that estimates of $*° that ignore tro-
small sink Aschmann et a/2011). . . :
pospheric gradients of G3Br may have a low bias of 0.4 ppt
Our modelled BYS> from CHBr3 and CHBr, alone  or so (though this may be compensated for by omission of
(~4ppt) is slightly lower than the 5ppt reported biang  minor VSLS). This result is likely sensitive to the model OH
et al. (2010 but larger than our previously reported 2.4 ppt fie|d and also treatment of wet deposition; both of which
(Hossaini et a.2010. This is due to the explicit modelling  carry some uncertainty. For OH, our model reads monthly
of wet deposition, resulting in a larger contribution from the averaged 24-h mean values from a previous full chemistry in-
PGI route in our present work. For CHBrwe find here  tegration. Tropospheric variability in OH is large and obser-
0.97 ppt of By reaches the tropical lower stratosphere via yations are sparse. However, comparison of OH profiles from
the PGl route. This is-3x larger than the 0.3 ppt reported the 1999 NASA PEM TROPICS-B campaign with modelled
in Hossaini et al(2010. profiles (not shown), show reasonable agreement. The model
The minor VSLS individually provide a modest amount OH field in this case was found to be within the min-max
of total bromine to the lower stratosphere. The largest convariability of the available observations from the surface to
tributor, CH;BrCI, provides about one fifth that of CHBr 200 mb. However, we acknowledge that model [OH] is still
However, their accumulated total-L.2 ppt from Sychived) a potential source of error.
is significant and is likely a lower limit due to nPB, iPB
and EDB not considered in the calculation. The contribu-
tion of all VSLS considered here and also the long-lived
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