Atmos. Chem. Phys., 11, 2672687, 2011 iy —* -

www.atmos-chem-phys.net/11/2671/2011/ Atmospherlc
doi:10.5194/acp-11-2671-2011 Chemls_try
© Author(s) 2011. CC Attribution 3.0 License. and Phys|cs

Impact of deep convection and dehydration on bromine loading in
the upper troposphere and lower stratosphere

J. Aschmann', B.-M. Sinnhuber®", M. P. Chipperfield?, and R. Hossainf

Linstitute of Environmental Physics, University of Bremen, Bremen, Germany
2School of Earth and Environment, University of Leeds, Leeds, UK
“now at: Institute for Meteorology and Climate Research, Karlsruhe Institute of Technology, Karlsruhe, Germany

Received: 22 October 2010 — Published in Atmos. Chem. Phys. Discuss.: 5 January 2011
Revised: 14 March 2011 — Accepted: 17 March 2011 — Published: 22 March 2011

Abstract. Stratospheric bromine loading due to very short- 1  Introduction

lived substances is investigated with a three-dimensional

chemical transport model over a period of 21 years us-lt is generally accepted that very short-lived substances
ing meteorological input data from the European Centre(VSLS) contribute significantly to stratospheric bromine
for Medium-Range Weather Forecasts ERA-Interim reanal-oading and ozone depletion in addition to the long-lived
ysis from 1989 to the end of 2009. Within this framework halons and methyl bromide (e.dgVlontzka and Reimann
we ana|yze the impact of dehydration and deep COﬂVGCtiOH’ZOlQ- However, there are still significant uncertainties how
on the amount of stratospheric bromine using an idealizecnd to what extent VSLS are transported into the upper tro-
and a detailed full chemistry approach. We model the twoPosphere/lower stratosphere (UTLS) and the response of this
most important brominated short-lived substances, bromot0 possible changes under future atmospheric conditions.
form (CHBr3) and dibromomethane (GiBrp), assuming a Recent studies deduced the contribution of VSLS to
uniform convective detrainment mixing ratio of 1 part per Stratospheric inorganic bromine (Brvia observations of
trillion by volume (pptv) for both species. The contribu- BrO ranging from~3pptv Sinnhuber et al.2009 over
tion of very short-lived substances to stratospheric bromine™~5 pptv (McLinden et al, 2010 up to ~8.4pptv Sioris
varies drastically with the applied dehydration mechanismet al, 2006 for satellite measurements aneb.2 pptv us-
and the associated scavenging of soluble species rangin§9 & balloon-borne instrumenb¢rf et al, 2008. Model-
from 3.4 pptv in the idealized Setup up to Spptv using theing studies to evaluate the contribution of brominated VSLS
full chemistry scheme. In the latter case virtually the entire also give a wide range of estimates reaching from 0.8-3 pptv
amount of bromine originating from very short-lived source (Dvortsov et al. 1999 Nielsen and Douglas&00% Sinnhu-
gases is able to reach the stratosphere thus rendering the ifher and Folkins2006 Kerkweg et al.2008 Gettelman et a|.
pact of dehydration and scavenging on inorganic bromine ir2009 Aschmann et al.2009 Hossaini et al.2010 to 4.8-

the tropopause insignificant. Furthermore, our long-term cal-5 Pptv (Schofield et al. 2011, Liang et al, 2010 and 6—7 pptv
culations show that the mixing ratios of very short-lived sub- (Warwick et al, 2006, although the differences in the under-
stances are strongly correlated to convective activity, i.e. indying approaches and assumptions between each study make
tensified convection leads to higher amounts of very short2 direct comparison difficult. Commonly included VSLS are
lived substances in the upper troposphere/lower stratosphef@omoform (CHBg) and dibromomethane (GiBrz) which
especially under extreme conditions like Elfidiseasons. are according tdMlontzka and Reimanif2010Q the most
However, this does not app|y to the inorganic brominatedabundant very short-lived bromocarbons with an average
product gases whose concentrations are anti-correlated t®ixing ratio in the marine boundary layer of 1.6 and 1.1 pptv,
convective activity mainly due to convective dilution and respectively. Being mainly of natural origin from maritime

possible scavenging, depending on the applied approach. lifeforms, local mixing ratios can be much higher in coastal
or upwelling areas (e.gCarpenter and Lis®200Q Quack

and Wallace2003 Yokouchi et al, 2005 Butler et al, 2007)
thus introducing a significant uncertainty in the actual source
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Furthermore, the transport and dehydration mechanismsrafts on the other hand which allows a more realistic repre-
in the tropical tropopause are not fully understood. Deepsentation of troposphere to stratosphere exchange. The con-
convection is thought to be the most important pathway intovective transport is based on archived detrainment rates taken
the stratosphere by enabling air parcels to overcome the levdtom the El reanalysis.
of zero clear sky radiative heating (e.Gorti et al, 2005 For the tracer and chemistry configuration we use two
Sinnhuber and Folkin2006 Fueglistaler et al2009. Dur-  approaches, an idealized setup based on simple assump-
ing this ascent air gets effectively dehydrated and thus soltions and a complex setup including a more complete chem-
uble species are likely to be scavenged by falling water/iceistry scheme, these are described in detail in the following
particles. However, important details of the dehydration pro-sections.
cess remain unclear and are still subject to current discus- All runs were executed from 1989 to 2009 spanning al-
sions (e.g.Sherwood and Dessle2001, Holton and Get-  most the entire available El dataset with a model timestep
telman 2001, Fueglistaler et a).2005 2009. Moreover,  of 15min. However, we found that in order to use as much
dissolved or adsorbed halogenated species may undergo hets possible of the 21-year time period for our purpose we
erogeneous reactions which are able to release active radheeded a realistic initial configuration. A recent similar study
cals into the gas phase (e.Ylpntzka and Reimanr201Q.  conducted byLiang et al. (2010 shows that their model
Since a significant part of Brat the base of the tropical (GEOS CCM Version 2) needs a spin-up time of 13 years to
tropopause layer (TTL) is actually HBr and therefore highly reach steady state for the zero-initialized brominated prod-
soluble (e.g.Lary, 1996 Sinnhuber et aJ2002 Yang etal.  uct gases. Our model needs significantly longer to reach
2005 see also Fig4), the estimation of VSLS contribution equilibrium (about 20 years) in a comparable setup. The
to stratospheric bromine loading is highly sensitive to the im-mean age of air as indicator for the circulation speed in our
plementation of these processes in a model. Note that due tmodel agrees generally well with results fromgSfbserva-
the general absence of liquid water in the UTLS the termstions (Stiller et al, 2008 but tends to be indeed up to two
“washout” and “scavenging” will be used in the following years older in higher altitudes/latitudes which may lead to
to refer to the uptake and loss of trace gases on falling icehe longer spin-up time. To reduce the impact of initializa-
particles rather on droplets, unless stated otherwise. tion artifacts on our study we therefore used the output of

For this study we use a three-dimensional (3-D) chemistryprevious long-term runs as initial configuration.
transport model (CTM) to investigate the impact of VSLS
on stratospheric bromine loading over a 21-year period. The2.2 Idealized setup
isentropic model contains an explicit treatment of convec-
tion separated from the large-scale vertical transport whichThe simplified approach presented here is an expanded ver-
allows a realistic distribution of VSLS in the UTLS region sion of the setup described Aschmann et al(2009: two
(Aschmann et a].2009. For the chemistry and dehydration idealized tracers with a lifetime of 20 and 120 days (TT20,
implementation we used a twofold approach: On the onel T120) resemble the most important short-lived brominated
hand we have a simplified setup based on idealized tracersource gases CHBand CHBr, respectively fontzka and
and processes acting as a sensitivity study. On the other harfdeimann2010. Convective upwelling is the only source for
we use a complex chemistry scheme with detailed treatment T20/TT120 which detrain with a uniform detrainment mix-
of gas phase and heterogeneous reactions, photochemistiyg ratio ([TT20L, [TT120]) of 1 pptv each. These values
and sedimentation to assure a more realistic representatiotre lower than the recommended mixing ratios in the marine
of the involved processes. boundary layer (1.6 and 1.1 pptv for CHBand CHBro,

respectivelyMontzka and Reimanr2010, taking into ac-
count dilution by entrainment of free tropospheric air, which

2 Model description may have significant impact on deep convective plumes (e.g.,
Romps and Kuang2010. Tropospheric profiles of these
2.1 Three-dimensional chemical transport model species obtained from a compilation of aircraft measure-

ments [iang et al, 2010 suggest that a detrainment mixing
The model used in this study is an isentropic 3-D CTM ratio of 1 pptv for bromoform and dibromomethane is a valid
with 29 levels between 330 and 2700 K (about 10 to 55 km)approximation.
and a spatial resolution of 2.fat. x 3.75 lon. which was The brominated source gases eventually decay into inor-
already utilized in our previous work (for details sAs- ganic bromine (By), yielding three and two units of Br
chmann et aJ.2009. It is driven by meteorological input for one unit of TT20 and TT120, respectively. Water va-
data from ERA-Interim (EI) reanalysis of the European Cen-por content is controlled by convection (detraining air is as-
tre for Medium-Range Weather Forecasts (ECMWF). A dis-sumed to be fully saturated due to ice lofting, following
tinctive feature of our isentropic CTM is the separation of Dessler and Sherwop@®004), fallout of ice (if the rela-
vertical transport into a slow large-scale heating-rate-driverntive humidity with respect to ice in a model grid box raises
component on the one hand and fast localized convective upabove 100% all surplus water is removed instantaneously)
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The SLIMCAT chemistry scheme incorporates an
equilibrium treatment of a set of reactions on liquid
H>0/H,SO4/HNO3/HCI aerosols, solid nitric acid trinydrate

Table 1. Brominated species in full chemistry setup.

Category Species (NAT) and ice particles; the relevant reactions for bromine
Source gases  G3Br, CBrCIR,, CBrks, are listed in Table. The composition of liquid aerosols and
CHBr3, CHzBrp the corresponding solubilities of HBr and HOBr are calcu-
Product gases  BrONOBrCI, HOBr, lated using the analytical schemeQ@drslaw et al(1995ab).
(Bry) HBr, Br, Bro NAT particles form according to the expressionHénson

and Mauersbergg988 when they are thermodynamically
ossible. Both implementations are taken unchanged from
hipperfield (1999 and are not described in any further
detail here. More relevant for this study is the uptake of
halogenated species on ice particles which is, according to
sensitivity calculations, the dominant process in the tropical
UTLS in our model (Sect3.2.2 and may lead either to

Table 2. Heterogeneous activation reactions of dissolved/adsorbe
bromine species on liquid aerosols, NAT and ice particles in the
full chemistry setup. Only the uptake coefficignfor ice particle
surfaces is given here, obtained fr&ander et al(2006.

Reactants Products y ) . . L
eventual scavenging by sedimentation or activation by
HOBr + HBr —  2Br+H0 0.12 heterogeneous reactions. Therefore this part of the original
HOBr + HCI —  BrCl+H0 0.3 SLIMCAT scheme was augmented in the course of this work
g()ocl\ll+ HBLB - géa +H|_l|\12(()) 8'26 to improve the representation of the involved processes.
ONO, +HBr = — r+ B : Ice is formed in a model grid box whenever the actual wa-
BrONO, +H,O — HOBr+HNO3 0.3 ¢ > i ds the saturafi 0 tio of
CIONO,+HBr — BICI+HNO; 03 er mixing ratio exceeds the saturation mixing ratio of wa-

ter vapor over ice, i.e. if the relative humidity is higher than
100% all excess water is in solid phase. Then we model the
. _— L .. uptake of gaseous HBr on ice using the partition coefficient
and a simple methane oxidation parametrization (details mKI_ ¢ for HBr (4.14x 10° cm) from the recent recommenda-

n .
Aschmann et g/ 2009. tion of the IUPAC Subcommittee on Gas Kinetic Data Eval-

Ingrganlc bromine |s_represented in two _varlan'[s,_s_olubleuation for Atmospheric ChemistrCfowley et al, 2010:
and insoluble, both having a constant detrainment mixing ra-

tip_of 0 pptv. Whereas the insoluble Bis inerF Wit_h no gd- [HBr]s= [HBr]g.SB_ Kiinc - A (1)
ditional sinks in our model, the soluble version is subject to

a simple washout mechanism: whenever ice forms in a modeHere A denotes the surface area density which is calculated
grid box (i.e. relative humidity exceeds 100%) all solublg Br from the effective particle radiug and an assumed number
is removed completely. These two extreme cases allow thelensityn of 10 particles per cubic centimeteClfipperfield
estimation of an upper and lower bound of bromine loading1999:

avoiding the details of cloud and aerosol microphysics.

A=47T-rg-n (2)

2.3 Full chemistry setup The effective particle radiug is approximated from the total

ice volume and the total number of ice particles in a particular
The complex chemistry scheme used here is based origmodel box. The relation of to the fraction of adsorbed HBr
inally on the chemistry part of the SLIMCAT model by isillustrated in Fig6. The heterogeneous reaction ratgsn
Chipperfield (1999 and was updated and modified by the particle surface are then calculated as product of uptake
Sinnhuber et al2003 and Winkler et al.(2008. It con-  coefficienty and the collision frequency (e.g.,Rodriguez
tains about 180 gas phase, heterogeneous and photochegst-al, 1989:
ical reactions for 59 tracers which are evaluated in every
model timestep. Reaction rates and absorption cross sekh =YV ®)
tions utilized in the chemistry scheme correspond to the
Jet Propulsion Laboratory (JPL) recommendatiddander ,, — }A Sk_T (4)
et al, 2009. Especially relevant for this study are the bromi- 4 VM
nated species which are listed in Tallle The loss of the  \yith Boltzmann's constant, temperaturg” and the molec-
included brominated VSLS (CHBrand CHBr) by OH-  yjar weightM of the gas molecules. Sedimentation is cal-
reaction and photolysis is modeled explicitly. However, we cjated as well but is treated simply assuming a fixed mean
ignore the detailed chemistry of the degradation products angyarticle radius of 10 um for ice to determine the fall velocity
assume that the VSLS directly decay into atomic bromine,(ahout 1.5 km day?, Bohm, 1989. As the original SLIM-
which is according to the recent study Bossaini et al.  CAT scheme does not contain any explicit treatment of evap-
(2010 a valid approximation. oration, all dissolved and adsorbed species are released back
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into gas phase instantaneously after the chemical integration Year

step and the sedimentation calculation. 1994 1996 1998 2000 2002 2004
The initial tracer configuration and detrainment mixing ra-

tios are derived from previous 2-D model runs with a similar

chemistry schemeSinnhuber et al2003. The detrainment

mixing ratios of the brominated VSLS are set uniformly to

1 pptv analogous to the idealized setup. To capture the ob-

served trend of long-lived halocarbons in our model we use

time-dependent detrainment mixing ratios for these species

according to the estimations Blaniel and Velder¢scenario

Al, 2010. Further details of the chemistry scheme, the

involved reactions and processes are giverCimpperfield

(2999.
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Altitude [km]

3 Results
3.1 Water vapor

A realistic distribution of water vapor content in the UTLS
region is crucial for our modeling approach because uptake
of soluble species and scavenging relies directly on an ade-
quate representation of dehydration. Figlishows the tape
recorder signature (e.gvjote et al, 1995 of tropical water
vapor mixing ratio for the idealized and full chemistry setup
and for satellite observations from HALOE(ool? and Rus-
sell, 2005. Dry phase and speed of the tape recorder signal
is generally well reproduced but both modeling approaches
show too much water (on average about 1 to 1.5 ppmv) in the
UTLS region in boreal summer which is not supported by the
HALOE observations. Itis possible that our calculations tend

Altitude [km]

to overestimate the water content of the tropical tropopause £30

and therefore the influence of dehydration on stratospheric %3’

bromine loading. However, other measurements show in- 525* ‘ N e 1

deed higher mixing ratios of water vapor in this region during

boreal summer (e.gDessler and Sherwop@&004 Hanisco 20F 1

et al, 2007 Jiang et al.2010). ‘ ' y ' ' ' ' ’
In our model, dehydration occurs mainly in the upper 15 ' v

troposphere/tropopause region, predominantly in the tropics 1994 1996 1998 2000 2002 2004

(Fig. 2) which is in agreement with previous studies (e.g., Year

Gettelman et a]2002a Fueglistaler et a] 2005 Read et al. H.O VMR [ppmv]

2008. At high latitudes the ambient meteorological condi- 2‘ e

T

tions allow the formation of ice even up to 25km altitude,
i.e. Type Il polar stratospheric clouds (e.§olomon 1999
LOWE and MacKe_nzLeZOO&. Gen_erally, the MIXING ralios  kig 1. Comparison of tropical (20N to 20° S) water vapor mix-
for ice are larger in the full chemistry setup since the ideal-ing ratios (‘tape recorder”) of idealized setup (top), full chemistry

ized approach lacks a sedimentation mechanism, thus all icetup (middle) and HALOE observations (botta@rooR and Rus-
is instantaneously removed from the corresponding grid boxsell, 2005.

2 24 28 32 36 4 44 48 52 56 6

3.2 Stratospheric bromine loading due to VSLS

these species to contribute to stratospheric bromine abun-
In general two processes control stratospheric bromine loaddance eventually. Therefore, the mixing ratio ofy Ror
ing due to VSLS in both modeling approaches. The firstthe corresponding inorganic bromine substances in the full
one, convection, represented by the convective detrainmenthemistry setup, Tabl#) is reduced by dilution since the de-
ratedc, injects VSLS into the UTLS region and thus enables training air is assumed to be free ofyBr.e. its detrainment

Atmos. Chem. Phys., 11, 2672687, 2011 www.atmos-chem-phys.net/11/2671/2011/
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e (CHBr3), TT120 (CH:Br2) and soluble and insoluble @for 2006.
The dashed profiles of soluble/insolublg,Besulting from a setup
10+ ‘ where TT20 is the only brominated source gas (ag&$shmann
w w s w et al, 2009 whereas the solid profiles denote the model run with

20°N 40°N 60°N 80°N both TT20 and TT120. The assumed detrainment mixing ratio for

80°S 60°S 40°S 20°S 0°
Latitude both VSLS is 1pptv. The dotted blue profile marks solublg Br
Ice VMR from a sensitivity run where washout of Bis restricted to within
e . - seemm ‘ON©0ATS

1le 16 16 16 160 16 16 167 1e® 1e7°
Fig. 2. Averaged equivalent gas phase volume mixing ratio of ice in 321 Idealized setup
idealized setup (top) and full chemistry setup (bottom) for 2006. Figure 3 shows averaged tropical (28 to 20° S) profiles
for 2006 of brominated source and product gases illustrat-

mixing ratio is zero. The other important mechanism is thelNg typical distributions. The dashed profiles represent our

dehydration of air at the tropopause which may cause a sigé&'lier modeling study where we only incorporated TT20

nificant removal of soluble Brby falling ice depending on (CHBr3) as source gasAschmann et a/.2009. The sug-

the implementation in the model. gested stratospheric bromine loading is in the range of 1.6
As first step, we illustrate the impact of these processes ofi© 3 PPtV assuming the detrainment mixing ratio of the only

the stratospheric bromine loading by comparing both mod-S0urce, TT20, is 1pptv. Taking into account that one unit
eling approaches for a single year, 2006. We picked thiof TT20 decays into three units of Bthis means that at

particular year because it is in the last quarter of our cov-1€ast 50% of all bromine originating from TT20 was un-
ered time period minimizing the effect of initialization arti- &ffected by washout and is able to enter the stratosphere.

facts. More important, 2006 is a year relatively unaffected!ntroducing TT120 (CHBr2) as additional source gas with
by the EI Nfio Southern Oscillation (ENSO) that is typically [TT120lc=1pptv changes the previous estimation to 3.1 to
accompanied by strong perturbations in sea surface temper PPtV (Solid profiles). Consequently about 1.5 to 2 pptv is
ature and convective activity (e.®Ramanathan and Collins ~ ©riginating from TT120, i.e. at least 75% of the total avail-
1991 Barsugli and SardeshmukB002 Chiang and Sobel able TT120 is not affected by washout assuming a production
2002 Guilyardi et al, 2009 that would otherwise influence 'ate of 12 for TT120/By. _
our results (see Se@.3). Another aspect of the idealized setup that influences our
results is the assumption regarding the partitioning gf. Br
In the idealized setup, Bris either considered totally solu-
ble or insoluble throughout the atmosphere. In comparison,

www.atmos-chem-phys.net/11/2671/2011/ Atmos. Chem. Phys., 11, 26872011



2676 J. Aschmann et al.: Impact of deep convection and dehydration

Fig. 4 shows the percentage of HBr to the total amount of 22
Bry for the full chemistry run. The fraction of soluble in-
organic bromine is large only at the base of the tropical
tropopause and diminishes rapidly with increasing altitude
and latitude which is supported by earlier studies (e.ary,
1996 Sinnhuber et aJ.2002 Yang et al, 2005. Since we
constructed the soluble Bitracer to be affected uniformly
by washout this significantly overestimates the impact of
dehydration, especially near the South Pole where Type |l
polar stratospheric clouds play an important role (see Fig.
2). Switching off the scavenging process at higher latitudes
(>40° N/S) increases the lower limit of the contribution of
VSLS from 3.1 to 3.4 pptv (dotted profile in Fig).

Altitude [km]

3.2.2 Full chemistry setup

The full chemistry run incorporates long-lived brominated ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ ‘
source gases that define a bromine background in the strato 88008 60°S 40°S 20°S 0° 20°N 40°N 60°N 80°N
sphere. Moreover, emissions of the long-lived source gases Latitude

are changing over time which makes the assessment of the Ratio HBr/Bry [%)]

impact of VSLS on stratospheric bromine loading more com- -
plicated. To identify this background we conducted a refer- e ———
ence run which does not include brominated VSLS but is 10 20 30 40 50 60 YO 80 90 100
identical to the full chemistry setup otherwise.

Figure 5 shows the averaged tropical profiles of bromi-
nated source and product gases in 2006 for the full chem-
istry runs. The mixing ratio of the long-lived source gases 20|
(CH3Br, CBrCIR, CBrRg) at the tropopause~(14.7 pptv)
defines the abundance of inorganic bromine in the strato- 18
sphere {14.1 pptv for the reference run) with a small dis-

crepancy of 0.6 pptv. Significant loss of,Biue to scaveng- g 161
ing can be ruled out since the long-lived species are primar- '’
ily photolyzed above altitudes where dehydration is impor- 5
tant (e.g.,Sander et a].2006 Hossaini et a].2010. What 214

causes the difference is rather the variable “emission” (to be
precise: the changing detrainment mixing ratio) of the long- 12
lived brominated species. The relatively slow transport in the
stratosphere compared to the troposphere introduces a tim: ;4
lag in the mixing ratio of By, i.e. some parts of the strato-
sphere still contain older air parcels with less Br
The full chemistry run with very short-lived source 0
gases included shows a stratospheric abundance yobBr VMR [pptv]
~19 pptv, i.e~4.9 pptv more than the reference run (Y.
Considering that we added 5pptv of additional bromineFig. 4. Average By partitioning for 2006 derived from the full
in the VSLS setup originally (detrainment mixing ratio of chemistry run. Top panel: Ratio of the soluble species HBr tp Br
CHBr3 and CHBr; is 1 pptv each) this means that almost Bottom panel: Profiles of rconstituents in the tropical UTLS.
the entire amount of bromine from short-lived substances is
able to reach the stratosphere. Apparently the effect of dehy-
dration and scavenging on stratospheric bromine loading iss actually insoluble with respect to ice in our model. Note
negligible in the full chemistry setup. that we have assumed here that only HBr is adsorbed on ice.
This has several reasons. First, the mixing ratio of HBr in We included heterogeneous reactions for HOBr and BroNO
the transient altitude range between the level of zero radiativen ice surfaces as well (TabB), however, as it is currently
heating and the cold point is relatively small (about 0.15 pptv,not clear how and to what extent HOBr and BrON@re
Fig. 4), the average fraction of HBr to Bibelow 5%. Con-  adsorbed on iceQrowley et al, 2010, we do not explic-
sequently, the majority of inorganic bromine at this altitude itly model the uptake as we do with HBr. The partitioning

Atmos. Chem. Phys., 11, 2672687, 2011 www.atmos-chem-phys.net/11/2671/2011/
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Fig. 6. Relation between available ice particle surface area density
Fig. 5. Averaged tropical profiles (2N to 20° S) of long-lived in a model b(_)x and the resulting fraction of adsorbed HBr onice to
brominated source gases (g8t, CBrCIF, and CBrFs), bromo- _tote_tl HBrderlved_from Eq.X) (blue line, left ordinate). The red bars _
form (CHBr3), dibromomethane (CkBr,) and inorganic bromi- |nd|catg the relatlye frequency of occurrence of surface area density
nated product gas (Br see Tablel) for 2006. Both VSLS have ~Values in the tropical tropopause (0 to 20° S, 330K to 380K)
an assumed uniform detrainment mixing ratio of 1 pptv. Thg Br for 2006 of the_full chemistry run (_rlght ordinate). The fraction of
profile with filled and empty markers denote a model run with and 2dsorbed HBr is lower than 46% in 95% of all calculated surface
without VSLS incorporated, respectively. The dotteg Brofile is @€ densities.
derived from a sensitivity calculation where VSLS are included but
the heterogeneous activation reactions (see T2bkre switched

off Table 3. Gas phase reactions in the full chemistry setup that lead

to the formation/destruction of HBr and the corresponding rate con-
stantk(7') obtained from the JPL recommendatio®ader et al.

. . . 2006. The reactions denoted Byare not included in the stan-
between HBr and Byrin the chemistry scheme is controlled garg setup. Sensitivity calculations have shown that these reactions
mainly by the gas phase reactions in TaBlehe heteroge-  do not significantly affect the amount of HBr in the UTLS in our
neous reactions in Tabkkand the uptake and sedimentation model.

onice.

Furthermore, the fraction of adsorbed HBr on ice is rela-
tively small as well. Figur® shows the relation of available ~ Reactants Products k(7 [em®molec s
ice particle surface area density and the resulting fraction of g, | cH,0 HBr+HCO 17x10~1L.exp(—800/T)
adsorbed HBr to total HBr according to EQ) @nd the rela- Br+ HO, HBr + Oy 4.8x10712.exp(—310/T)

tive frequency of occurrence of surface area density values in *gr + H,0,
the tropical tropopause region for 2006: in 95% of all model *Bro+ OH
grid boxes where ice forms the percentage of HBr on ice is HBr+ OH
significantly lower than 46% thus limiting the possible im- HBr+0O
pact of scavenging directly. HBr+0'D
In addition a major part of HBr on ice undergoes heteroge-
neous activation that releases reactive bromine back into gas
phase. To investigate this effect we conducted another sen-
sitivity run identical to the full chemistry setup with VSLS adsorbed HBr and releases bromine into gas phase. In con-
but without the heterogeneous reactions for HBr as listed intrast, the mixing ratio of HBr in the UTLS is up to four times
Table2. Figure7 presents tropical HBr profiles for both the higher in the sensitivity calculation without heterogeneous
standard and the sensitivity run. In the standard setup, thactivation. Here, the partitioning of Biis shifted towards
mixing ratio of HBr drops rapidly between 15 and 17 km HBr which in turn leads to increased loss of bromine due
altitude. The heterogeneous chemistry effectively depleteso scavenging; the resulting profile for B{Fig. 5) is about

HBr+HO, 1.0x10 11.exp(—3000/T)
HBr+0O,  5.1x1013.exp(+250/T)
Br+H,O  55x10 12.exp(+200/T)
Br+OH 5.8x10712. exp(—1500/ T)
Br+ OH 15x10-10

AR
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22

; between the most important variables Fi§sand 10 show
——HBr S, timeseries of tropical sea surface temperature (SST), detrain-
—e— HBr no Act. . . . .
ment rated., brominated short-lived source gases, inorganic
brominated product gases and total bromine abundance (i.e.
the sum of source and product gases) and the corresponding
monthly anomalies from 1990 to 2009 (1989 was discarded
to reduce spin-up effects). The values fhrare averages
over the altitude range being most relevant for bromine in the
1 UTLS: from the level of zero clear sky radiative heating at
approximately 350K (15.5 km), which marks the transition
from large-scale subsidence to large-scale upwelling (e.g.,
] Corti et al, 2005 Sinnhuber and Folking006), to the cold
point at about 380 K (17 km) where major parts of tropopause
air get effectively dehydrated (e.gsettelman et al.2002a
Fueglistaler et al.2005. The cold point is also commonly
regarded as a likely upper altitude limit for deep convection
] (e.g.,Dessler 2002. For the tracer timeseries we picked
380K for the same reasons: almost all detrainment and de-
hydration (in the tropics, Fig2) occurs below this level so
0 0.2 04 06 08 1 tracers at this altitude are likely to enter the stratosphere with
VMR [pptv] their current mixing ratio at 380 K.

20r

181

Altitude [km]
[a=Y
s

-
N
T

12r

10t

Fig. 7. Tropical profiles of HBr from the standard full chemistry 3.3.1 Idealized setup
run (blue) and the sensitivity calculation without heterogeneous ac-
tivation (red) for 2006. Firstly, Fig. 8 illustrates the relation between sea surface
temperature and convective activity in the ECMWF ERA-
Interim reanalysis: as expected, higher SST lead in gen-
0.3 pptv lower than in the standard run. Consequently, 4.6 ougral to intensified convection denoted by higher values of
of 5 pptv of bromine originating from VSLS is able to enter (. (correlation coefficient between the two timeseries s
the stratosphere when heterogeneous activation is ignore@.53) which is in line with real world observations (e.g.,
An additional sensitivity calculation shows that 96% of the Ramanathan and Collind991). Secondly, our calcula-
observed effect can be attributed to heterogeneous reactionfns show clearly a tight coupling of brominated source gas
on ice particles, in comparison to 3% and 1% for heteroge-abundance in the UTLS and detrainment rate- .69 for
neous reactions on liquid aerosol and NAT particles, respecy/TT20 andd./TT120). Quantitatively this affects mostly
tively. This means that at least in our model ice particles arethe short-lived species TT20 (CHgr for example its mix-
the most important surface for heterogeneous chemistry ifing ratio at 380 K increases by about 20% during the excep-
the TTL. tional strong El Niio event 1997/98. For TT120 (GBr»)
Finally, adsorbed HBr is not washed out instantaneouslythe magnitude of this effect is smaller (e.g-6% during
but sediments slowly downwards, i.e. it is possible that a1997/98) due to its relatively long lifetime.
significant part evaporates again and eventually reaches the However, for the product gas Pithe situation is more
stratosphere. This effect explains the local maximum of HBrcomplex. The insoluble variant (not shown here) has no sink
ataround 17 km in the sensitivity run without heterogeneousin our model but is diluted by detraining aiB(y]c =0 pptv)
activation (Fig.7): repeated sedimentation, evaporation andleading to a strict anti-correlation to the detrainment rate
eventual ascent accumulates the available HBr in a small vert- = —0.70). Since the insoluble Brtracer is inert and all
tical range. In fact we likely overestimate the impact of sedi- brominated VSLS eventually end up as,Bthe mixing ra-
mentation assuming a fixed fall velocity based on an averageo of total bromine converges to a fixed value, in the case of
particle radius of 10 um. According to Fi§.most ice parti-  our setup 5 pptv. That means variations in convective activ-
cles are actually smaller (about 0.5 to 2 pm). ity cannot alter the amount of total bromine once it reaches
its equilibrium value of 5pptv. In contrast, the solublg, Br
3.3 Development of stratospheric bromine loading over tracer is subject to washout as described in S&@which
time introduces an additional process that disrupts the strict anti-
correlation tode (r = —0.40 for soluble By/d;). Conse-
The balance between the processes controlling bromine loadjuently, total bromine abundance cannot reach equilibrium
ing is not static but rather varies significantly with ambi- but varies with the amount of ice or scavenging efficiency.
ent meteorological conditions. To illustrate the connectionThis process is due to our model setup mainly controlled by
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Time series Anomalies
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Fig. 8. Timeseries of monthly mean sea surface temperature SST, detrainmedy, rigiealized bromoform tracer TT20, idealized dibro-
momethane tracer TT120, solubleyBiand total bromine (left panels) and the corresponding anomalies (right panels) from 1990 to 2009
averaged over the tropics (208 to 20° S) at an altitude of approximately 17 km (380 K) for the tracers. The valuef fare an average of

the range between the level of zero radiative heating and the cold point (350-380 K). The red lines denote the corresponding yearly average

relative humidity in the UTLS region, i.e. water vapor con- erally intensifies in these areas although there is also a de-
tent and ambient temperature. Actually there is weak correlacrease ofdc over the maritime continent. This dipole-type
tion of total bromine withd (r = 0.44 for total Bri) which structure is also discernible in the distribution of the bromi-
may lead to the conclusion that the additional injection of nated source gases, TT20 and TT120, but the increase out-
brominated source gases during strong convection outweighaeighs the loss considering the whole tropics. Interestingly,
the decrease due to scavenging, however, there are also shdine mixing ratios of both source gases are actually dropping
periods where total bromine is anti-correlated to convectiveover the Western Indian Ocean althoughshows a posi-
activity. tive anomaly there. The relative humidity as indicator for
To illustrate the impact of an intense perturbation in con-scavenging efficiency shows two zonal bands of strong pos-
vective transport Figd shows the spatial anomaly distribu- itive anomalies at 20N/S disrupted by a extensive negative
tion of the aforementioned variables for the particular stronganomaly over the Western Pacific stretching as equatorial
El Nifio/La Nifia seasons 1997/98 and 1999, respectively. Fopand eastward. Mixing ratios of solubleyBare significantly
the El Niio season 1997/98 we observe an increase of SSTeduced in areas with positive anomalies of relative humid-
in the equatorial East Pacific and to a lesser extent in thdty, exceeding the effect of Brreduction due to dilution by
western part of the Indian Ocean. Convective activity gen_detraining air. The interpretation of the distribution of the
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Fig. 9. Averaged anomalies of sea surface temperature SST, detrainmerk ratkealized bromoform tracer TT20, idealized dibro-
momethane tracer TT120, relative humidity RH, solublg &nd total bromine. The small boxes denote the corresponding potential temper-
ature level. Left: Averages over El b season November 1997 to February 1998. Right: Averages ovefflassdason September 1999 to
December 1999.

total bromine anomalies is more complex. During ERbli In principle, the La Nia season 1999 shows a similar pic-
1997/98, the main features of the distribution, i.e. the strongture with inverted sign for the detrainment rate and the source
positive anomaly over the equatorial Pacific next to the neg-gases. However, there are notable differences, the most im-
ative anomaly over the Indian Ocean, generally correspongbortant is the missing dipole-type structure of the previous
to the patterns of TT20 and TT120. However, as explainedEl Nifio season. This leads to a roughly uniform negative
in the previous paragraph, the amount of total bromine isanomaly for the source gases and relative humidity in the Pa-
also directly controlled by the scavenging efficiency, which cific region, whereas soluble Bshows a corresponding pos-
may outweigh the effect of source gas injection. The positiveitive anomaly. Interestingly, the distribution of total bromine
anomaly of total bromine in the equatorial pacific and theis split up in a small northern positive anomaly and an exten-
negative anomaly in the Indian Ocean are examples whersive negative anomaly in the south. The northern anomaly
these those two factors coincide: an increase in source gasesn be explained with the exceptionally low scavenging effi-
is accompanied by an decrease of relative humidity (i.e. scaveiency in this region which restricts washout of solublg,Br
enging efficiency). However, at 20l/S, this is not the case however, this explanation is not applicable for the Southern
and total bromine is reduced due to increased washout, alHemisphere where total bromine is reduced in spite of the
though both source gases show a positive anomaly at thifow scavenging efficiency. It is possible that the reduced
latitude (in the Pacific region). amount of source gases outweighs the impact of scavenging
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in this region or that the negative anomaly is caused by transto note is the time lag of the total bromine loss during the
port of Br-depleted air from other areas, for example from aforementioned El Nio season: in the idealized setup with
India or the northern part of the Maritime Continent, where instantaneous washout the major loss of total bromine occurs
a positive anomaly of relative humidity exists. at December 1997 (Fig) in contrast to the full chemistry
Both examples show the generally tight coupling between(sensitivity) run where the minimum is reached around May
convection and the abundance of brominated source gase998. Another notable difference to the idealized approach
in the UTLS. However, the amount of bromine that actu- is revealed in the La Niia season at the end of 1999. The ide-
ally advances further into the stratosphere is also stronghalized run shows a small minimum in total bromine of about
dependent on the scavenging efficiency which is in turn de-0.1 pptv (Fig.8) whereas the loss in the full chemistry run
termined by ambient temperature and water vapor contenis doubled. Apart from these two major events the effect of
(relative humidity) in our idealized framework. Of course in dehydration on total bromine is generally smaller in the full
reality convection and relative humidity are not independentchemistry sensitivity run than in the idealized setup.
but form a complex interaction (e.gsherwood and Dessler The spatial anomaly patterns of the full chemistry run for
2001, Gettelman et a.2002h Jain et al. 2006 Fueglistaler  the prominent El Nio/La Nifia seasons 1997/98 and 1999
et al, 2009 Tost et al, 2010 which cannot be captured in are presented in Fig.2. For Bi, and total bromine we show
detail by our idealized approach. Our results suggest thathe sensitivity calculation without heterogeneous activation
in general the scavenging efficiency tends to be low in ar-to emphasize the effect of ice uptake and sedimentation. For
eas which show strong convective activity (Figand9) but the standard run with heterogeneous activation the effect is
the limitations of the utilized convective parametrization and much smaller. In addition, to remove the influence of chang-

water vapor treatment prohibit definite conclusions. ing long-lived source gases, forBand total bromine again
the difference between the sensitivity run with VSLS and the
3.3.2 Full chemistry setup reference run without VSLS is shown.

For the two VSLS and the relative humidity the spatial pat-

The corresponding timeseries for the full chemistry setup argerns and also the magnitude are very similar to the idealized
shown in Fig.10. The picture for the brominated VSLS, bro- setup (Fig.9) during both seasons. For inorganic and total
moform and dibromomethane, is essentially the same as iBromine there is also a certain resemblance in the patterns
the idealized setup. Both are correlated¢qr =0.59, 0.61  pyt the magnitude differs significantly due to the different
for dc/CHBr3, dc/CH2Br2) and bromoform is also more af-  treatment of dehydration compared to the idealized setup. In
fected quantitatively than dibromomethane. the El Nifio season 1997/98 the loss of total bromine is not

The pronounced difference to the idealized setup manivery distinctive during November 1997 to February 1998 as
fests in the mixing ratio of Bytotal bromine at 380K. To in the idealized run but occurs rather in May 1998 as shown
remove the influence of the variable long-lived source gasesn Fig. 10. On the other hand the amount of total bromine
we use for the timeseries of @total bromine in Fig.10  uniformly decreases during La fi& 1999 in contrast to the
the difference between the reference run without VSLS andpartial increase in the idealized framework.
the standard full chemistry setup as already described in
Sect.3.2.2 As stated earlier our model suggests that vir-
tually the entire amount of bromine originating from VSLS 4 Discussion and conclusions
is able to reach the UTLS region at 380 K. Temporal vari-
ations in convective activity and washout efficiency do not In this study we explore the impact of deep convection and
have a significant effect; after about two years of spin-updehydration on stratospheric bromine loading due to VSLS
time the mixing ratio of total bromine stays at 5 pptv. In re- over a 21-year period. The isentropic CTM framework we
turn, B, acts as the insoluble product gas tracer discussedise was already evaluated with observations in a previous
in Sect.3.3.1 since total bromine has reached the equilib- study @Aschmann et al.2009. Utilizing this framework we
rium value of 5 pptv By is strictly anti-correlated to convec- apply two modeling approaches: a simplified setup with ide-
tion (r = —0.62 for dc/Bry) thus balancing out the changing alized tracers and a basic dehydration mechanism and a state
amount of available source gases. Apparently the loss of solef the art full chemistry scheme based on the original SLIM-
uble inorganic bromine species in the tropopause by uptak€€ AT model. In both modeling approaches we include the
on ice is negligible in our full chemistry approach as statedtwo most abundant brominated VSLS, bromoform and di-
in Sect.3.2.2 bromomethane, with a uniform detrainment mixing ratio of

Results from the sensitivity calculation without heteroge- 1 pptv each.
neous activation presented in Fifyl show that uptake of Our estimated contribution of these short-lived species
soluble By on ice causes an average loss of total bromineto the stratospheric bromine loading is 3.4 to 5pptv for
of about 0.3 pptv that increases up to 0.5 pptv, for examplethe idealized setup and 4.9 to 5pptv for the full chemistry
during the El Niio season 1997/98 which is roughly 25% to setup. These values are in agreement with observations rang-
30% of the By originating from VSLS at 380K. Interesting ing from 3 pptv Ginnhuber et a).200§ to 5 and 5.2 pptv
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Time series Anomalies
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Fig. 10. Timeseries of monthly mean sea surface temperature SST, detrainmefy, fatemoform (CHBg), dibromomethane (CyBr»),

inorganic brominated product gases(Bsee Tablel) and total bromine (left panels) and the corresponding anomalies (right panels) from
1990 to 2009 averaged over the tropics(R0to 20° S) at an altitude of approximately 17 km (380 K) for the tracers. The valuef fare

an average of the range between the level of zero radiative heating and the cold point (350—-380 K). The red lines denote the correspondinc
yearly average. Note: the values forBmnd total bromine are actually the difference of the standard full chemistry run and the reference run
without VSLS to show the impact of the short-lived substances.
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Fig. 12. Averaged anomalies for sea surface temperature, detrainment rate, bromoform, dibromomethane, relative humidity and inorganic
and total bromine for the El Rib season 1997/98 (left) and Lafidi season 1999 (right) as in F@but for the full chemistry setup. Note:

the values for By and total bromine are actually the difference of the full chemistry run without heterogeneous activation and the reference
run without VSLS to show the impact of dehydration and short-lived substances (see alsh3Bct.

(McLinden et al, 201Q Dorf et al, 2008 to 8.4 pptv Gioris  ing on soluble inorganic bromine species. Depending on the
et al, 200§. Compared to other modeling studies our es- representation of these processes in the model the estimated
timation is rather at the higher end. Considering only bro-contribution of VSLS to bromine loading differ significantly.
moform the estimated contributions to stratospheric bromine Table4 gives an overview of the contribution of bromine
range from 0.8 to 1 pptvvortsov et al. 1999 Nielsen and  VSLS to stratospheric bromine dependent on the applied de-
Douglass2001), 0.5 to 3 pptv Sinnhuber and Folkin2006 hydration mechanism in recent modeling studies together
to 1.6 to 3pptv Aschmann et a.2009. When taking both  with the results from our workdossaini et al(2010 assume
bromoform and dibromomethane into account recent studa constant washout lifetime of 10 days fory,Bresulting in
ies suggest a contribution of 2.4 to 2.8 pptloSsaini et al. a loss of 60% of bromine originated from VSLS. In the ap-
201Q Gettelman et al.2009 up to 4.8/5pptv $chofield  proach ofSchofield et al(2011), 85% of By, is removed at
et al, 2011 Liang et al, 2010. Warwick et al.(2006 sug-  the cold point, resulting in a loss of 38% of bromine con-
gest an even higher value of 6 to 7 pptv but considers fivetributed by VSLS. Our idealized setup, which uses a com-
short-lived bromocarbons. parable simple approach for dehydration, suggests a loss of
Aside from the uncertainties in the emission strength of32% of bromine produced by VSLS. In contrast to the simple
short-lived bromocarbons which is not discussed here andehydration mechanismkjang et al.(2010 use a detailed
other key question is the impact of dehydration and scavengwet and dry deposition scheme to calculate the loss ¢f Br
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Table 4. Overview of the contribution of VSLS to stratospheric S CONVvective transport shows large inter-annual variation
bromine loading (SBL) and the impact of dehydration in different in relation to SST variations. In turn, Fhe abundance of
modeling studies. The columns give the average tropical mixing ~ VSLS reaching the stratosphere is highly correlated to
ratio of available bromine in the form of VSLS and the stratospheric convective activity. However, the impact on total strato-

bromine loading due to VSLS. The ratio of both values represents spheric bromine depends on the implementation of the

the loss of bromine due to dehydration. dehydration process. Total bromine in the full chemistry
scheme is nearly insensitive to dehydration whereas the
Study Available SBL due Loss due idealized setup generally predicts an increased amount
VSLS [pptv] 1o VSLS [pptv]  to dehydration of total bromine in the UTLS during events of strong
Hossaini et al(2010 6 2.4 60% convective activity_
Schofield et al(2011) 7.7 4.8 38%
i 0,
f;i’;ﬁzifda'sﬁﬁ;() 75 §_4 30320% 4. The fact that the detailed chemistry scheme indicates
Full chemistry 5 >4.9 <2% very little removal of By by falling ice means that al-
Full chemistry most all of the bromine from VSLS in areas of deep
(no het. activ.) 5 4.6 8%

convection ultimately enters the stratosphere, largely in-
dependent of the details of the transport pathways. This
important result should be confirmed by further refined
studies of ice particle formation, sedimentation and up-
take of brominated species (like, e.Grosvenor et a).
2007 Chaboureau et al2007 Read et a].2008.

They state that 30% of Brproduced by VSLS is removed
by wet scavenging, however, 85% of this wet removal oc-
curs below 500 hPa (5-6 km). Consequently, about 5% of
Bry produced by VSLS is scavenged above 500 hPa. These
findings are consistent with the results of our full chemistry
setup, if we ignore heterogeneous activation (about 8% loss).
Taking into account the heterogeneous chemistry lowers the
loss of By, below 2% thus rendering the influence of dehy-
dration in the UTLS on bromine loading insignificant.

Our 21-year timeseries show the correlation of sea surface
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