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Abstract

Bromoform is one of the main sources of halogenated Very Short-Lived Species
(VSLS) that possibly contributes when degradated to the inorganic halogen loading
in the stratosphere. Because of its short lifetime of about four weeks, its pathway to the
stratosphere is mainly the transport by convection up to the tropical tropopause layer
(TTL) and then by radiative ascent in the low stratosphere. Some of its degradation
product gases (PGs) that are soluble can be scavenged and not reach the TTL.

In this paper we present a detailed modelling study of the transport and the degra-
dation of bromoform and its PGs in convection. We use a 3-D-cloud resolving model
coupled with a chemistry model including gaseous and aqueous chemistry. We run
idealised simulations up to 10 days, initialised using a tropical radiosounding for at-
mospheric conditions and using outputs from a global chemistry-transport model for
chemical species. Bromoform is initialised only in the low levels. The first simulation
is run with stable atmospheric conditions. It shows that the sum of the bromoform and
its PGs significantly decreases with time because of dry deposition and that PGs are
mainly in the form of HBr after 2 days of simulation. The other simulation is similar to
the first simulation but includes perturbations of temperature and of moisture leading
to the development of a convective cloud reaching the TTL. Results of this simulation
show an efficient vertical transport of the bromoform from the boundary layer in the
upper troposphere and TTL (mixing ratio up to 45 % of the initial boundary layer mixing
ratio). The organic PGs, which are for the most abundant of them not very soluble, are
also uplifted efficiently. For the inorganic PGs, which are more abundant than organic
PGs, their mixing ratios in the upper troposphere and in the TTL depend on the parti-
tioning between inorganic soluble and inorganic non soluble species in the convective
cloud. Important soluble species such as HBr and HOBr are efficiently scavenged by
rain. This removal is reduced by the production of Br, (not soluble) in the gas phase
from aqueous processes in the cloud droplets. This Br, production process is therefore
important for the PG budget in the upper troposphere and in the TTL. We also showed
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that this process is favoured by acidic conditions in the coud droplets, i.e. polluted
conditions.

1 Introduction

Very short-lived halogenated substances (VSLSs) have been the focus of many studies
recently because they likely contribute by degradation to the inorganic bromine loading
in the stratosphere and consequently influence its ozone budget (WMO, 2007). The
estimation of the part of the stratospheric inorganic bromine which comes from VSLS
varies from < 1 pptv up to > 8 pptv, depending on the type of measurements (balloon-
borne, e.g. Dorf et al., 2008; satellite, e.g. Sinnhuber et al., 2005) or of models used
(e.g. Gettelman et al., 2009; Aschmann et al., 2009). The effect of VSLS source gases
(SGs) and of their product gases (PGs) on the stratospheric bromine loading depends
on their emissions, transport, chemistry, dry deposition and wash out. The chemical
processing of SGs and PGs includes gaseous chemistry, photolysis, hydrolysis, aque-
ous chemistry and interactions with atmospheric ice particles.

The region of interest for VSLS is the tropics because VSLS are mainly emitted from
the warm tropical oceans. Moreover, like other chemical species and aerosols, SGs
and PGs mainly enter the stratosphere in the tropics. The main pathway is a rapid
vertical transport by deep convection into the TTL (Tropical Tropopause Layer, see re-
view paper by Fueglistaler et al., 2009) followed by a slow radiative ascent into the
stratosphere for air having reached at least the level of zero radiative heating (LZRH,
~15.5km altitude, 360 K). Deep convection is therefore a key process for the evolution
of SGs and PGs in the troposphere before they possibly reach the stratosphere. Con-
vection can lift within a few hours the emissions of SGs and the PGs from the boundary
layer into the TTL. It can also influence the PGs budget through interactions between
gaseous species and hydrometeors, in particular by the scavenging of soluble organic
and inorganic PGs.
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The model studies conducted so far on VSLSs are either based on 1-dimensional
models (Gettelman et al., 2009), or on Lagrangian models (e.g. Brioude et al., 2010;
Pisso et al., 2010; Schofield et al., 2011) or on 3-dimensional global models (e.g. As-
chmann et al., 2009, 2011; Hossaini et al., 2010). They mainly seek at estimating
the global impact of VSLSs on stratospheric halogen loading and ozone. Because
of the large number and of the complexity of the processes involved in the VSLSs
and PGs chemical processing, modelling studies generally use simplifications. Among
the VSLSs, bromoform (CHBr3) and dibromomethane (CH,Br,) are mostly studied be-
cause they are the most abundant (WMO report 2007). A detailed chemical scheme
for degradation of CHBr; and CH,Br, was proposed by Hossaini et al. (2010). They
implemented this scheme in the 3-D TOMCAT/SLIMCAT global chemistry transport
model. They showed that the organic PG abundance is small at the global scale. This
indicates that SG degradation can reasonably be assumed to lead immediately to in-
organic bromine. They estimated that CHBr; and CH,Br, provide ~ 2.4 pptv of the
inorganic bromine of the lower stratosphere with SG injection being the dominant path-
way. Several recent studies showed the important role of deep convection on the halo-
gen loading in the upper troposphere and lower stratosphere (Gettelman et al., 2009;
Brioude et al., 2010; Hossaini et al., 2010; Pisso et al., 2010; Aschmann et al., 2011).
3-D-global models or Lagrangian models generally use on-line or off-line outputs fluxes
from convection parameterizations to represent tracer transport by convection. But it is
well known that there are large uncertainties on the tracer transport in deep convection
parameterizations (e.g; Zhang et al., 2008; Arteta et al., 2009; Hoyle et al., 2011). The
interactions between trace gases and hydrometeors (aqueous chemistry, hydrolysis,
ice adsorption and associated washout) are usually represented in a simple manner
in models using parameterized deep convection. For instance, Hossaini et al. (2010)
assume that Br, is removed in the troposphere by washout with a specified lifetime.
This lifetime is a source of uncertainty in their calculations. In Aschmann et al. (2011),
they improved the model by taking into account the heterogeneous activation reac-
tions of dissolved/adsorbed bromine species on liquid aerosols, NAT (solid nitric acid
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trinydrate) and ice particles. They showed that there is very little removal of inorganic
Br, by ice sedimentation in the TTL.

Detailed studies at the fine scale are among the possible approaches to assess and
to improve the assumptions used in global models on halogenated VSLS chemistry,
in particular in deep convection parameterizations. In this context, the objective of the
paper is to analyse at the local scale the impact of a tropical deep convective cloud
on CHBr3 and on its organic and inorganic PGs. Here we analyse results of cloud-
resolving model simulations with on-line detailed gaseous and aqueous chemistry of
bromoform for an idealized deep convective cloud. In particular we discuss a process
that was not treated before: the Br, production in the gas phase from aqueous chem-
istry in the cloud droplets. The descriptions of the model and of the simulation setup
are given in Sect. 2. The results are analysed in Sect. 3. Conclusions are given in
Sect. 4.

2 Model description and simulation set-up

2.1 Meteorology: model and setup

The model used here is the 3-D-limited area model CATT-BRAMS (Coupled Aerosol
Tracer Transport-Brazilian Regional Atmospheric Modeling system, Freitas et al., 2009)
coupled on-line with a chemistry model. CATT-BRAMS is a numerical model de-
signed to simulate atmospheric circulations at many scales. Here we use for our
fine scale study a cloud-resolving configuration with a 1 km horizontal resolution and
a 100 km x 100 km domain. We use 48 vertical levels spanning from the surface up
to 24.5km altitude. The vertical grid spacing is ~200m in the boundary layer, 500 m
in the free troposphere and in the tropical tropopause layer (up to 18 km altitude) and
1km in the lower stratosphere. For this first study of CHBry and PGs at the cloud
scale, we chose a simple meteorological framework to represent the development
of a deep convective cloud in the tropical atmosphere. At the initial time, the model
meteorological variables (pressure, temperature and relative humidity) are assumed
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to be uniform horizontally. They are initialised vertically using a tropical radiosound-
ing launched from Darwin (Australia, latitude = 12.1° S and longitude = 130.9°E) on 16
November 2005 at 23:00 UTC during the wet season in the frame of the SCOUT-O3
European Project (http://www.ozone-sec.ch.cam.ac.uk/scout_o3/). Note that Darwin is
located in the Maritime Continent which is a region of high-reaching convection and
concomitant exceptionally cold tropopause temperatures. It is also located close to
a warm ocean coastal region where natural bromoform emissions are expected to be
strong (e.g. Quack and Wallace, 2003). The radiosounding chosen corresponds to at-
mospheric stable conditions. We ran 2 simulations of 10-day duration which is approx-
imately the lifetime of CHBr; in summer tropical conditions. The first one, called BG,
is the background simulation corresponding to stable atmospheric conditions along the
whole simulation. No cloud develops during the BG simulation. In the other simulation,
called PERT hereafter, deep convection is forced to develop by adding perturbations of
moisture and of temperature in the middle of the domain. The perturbation is applied
to an area of 30 km radius. It is written:

% = Arv,cos? (%) and % = AT,cos? (%)

where d is the distance (km) from the centre of the perturbation, Arvy, = 3.5 x
1073 g kg'1 s~ and AT, =0.025 Ks™'. This perturbation is applied during 800s in the
first 2km of the atmosphere after 5 days and 6h of simulation (14:00LT). This al-
lows the deep convective cloud to start developing in the afternoon as expected in the
tropics. Cyclic boundary conditions are used. To represent microphysical processes
we use the single-moment bulk parameterization proposed by Walko et al. (1995) in
which seven types of hydrometeors are taken into account: cloud, rain, pristine ice,
snow, aggregates, graupel and hail. The radiation scheme used is the radiative code
of the Community Aerosol and Radiation Model for Atmospheres (CARMA, Toon et al.,
1989) which takes into account the effect of hydrometeors and aerosols on radiation.
Turbulent mixing is treated according to Mellor and Yamada (1982), which employs
prognostic turbulent kinetic energy.
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2.2 Chemistry model

The chemistry model coupled on-line with the CATT-BRAMS includes gaseous chem-
istry, photolysis, BrONO, hydrolysis, aqueous chemistry of bromine species and dry
deposition. As justified in Sect. 3.2, it does not include the interactions of the chemical
species with the ice particles. The general chemical system of equations used is:

dx, kKXo kx X
= ~HorVeXo =k VX i + T D+ L X, (1)
dXc kx.Xc

gt = Ve Xom g e bxXe @
dXg kx.Xr

TR RXg — RTH, +Py. —Lx.Xr (3)

where

— Xg is the concentration of species X in the gas phase in molecules per cm® of air,

— Xc (resp. XR) is the concentration of species X in the cloud droplets (resp. rain-
drops) in molecules per cm®of air,

— V. and I/ are the volume densities of cloud and of rain in m°> water/m° air com-
puted from their mass mixing ratios,

— Ky, (resp. ky_)ins

1 is the mass transfer between the gas and the cloud droplets

(resp. raindrops) of species X,
— Hy is the effective Henry’s constant of species X in mol I~Tatm™,
— R is the universal gas constant in atm mol™ K™,
— T is the temperature in K,
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— Py, term (resp. Py_ terms) is the production term in the cloud droplets (resp. rain-
drops) of species X,

— Ly, (resp. Lx ) is the loss term of species X in the cloud droplets (resp. raindrops),

- ng and L X, terms are the production and loss terms of species X in the gas
phase including also hydrolysis,

- D, termis the dry deposition of species X at the lowest model level.
Xdep

In the case of non soluble species only Eq. (1) is solved and only the last two terms of
Eq. (1) are taken into account.

The gaseous chemistry model includes the chemistry for CO, CH,, O3, NO,, HO,
(Barth et al., 2007), Br,, and organic chemistry of the degradation of CHBr; (Hossaini
et al., 2010). Cl, and NMHC chemistry is not included to save computing time. For
Cl, this is justified because there is only a small expected impact on the degradation
of CHBr; and PG chemistry because chlorine atoms are only involved in the lifetime
of CHBr3 which is mainly driven by OH oxidation and photolysis (WMO, 2007). More-
over the heterogeneous reaction HBr + HOCI (IUPAC subcommittee on Gas Kinetic
Data evaluation V1.12.8) is slower by about a factor 10* than HBr + HOCI (Fickert et al.,
1999). The lack of NMHC chemistry can significantly affect HO, precursors and there-
fore HO, concentrations, but mainly in the upper troposphere (Jaeglé et al., 2001). In
our study gaseous chemistry is only important in the lower troposphere. For CHBr5 the
reactions in gas phase proposed in Hossaini et al. (2010) are used. The rate constants
of the organic chemistry of CHBr; are from Hossaini et al. (2010). Other gaseous rate
constants cross-sections are from JPL (2007) and IUPAC (IUPAC Subcommittee on
Gas Kinetic Data Evaluation, http://www.iupac-kinetic.ch.cam.ac.uk). Photolysis rates
are computed on-line using Fast-TUV model (Tie et al., 2003) in order to take into
account the effect of clouds on photolysis rates in an interactive way. The photolysis
cross-sections are from JPL (2007) and IUPAC.
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The model includes the hydrolysis reaction of BrONO, on the cloud droplets and
raindrops leading to the formation of HOBr:

BrONO, + H,0 — HOBr + HNO, (R1)

The rate constant k¢ (resp. k4g) of Eq. (R1) on the cloud droplets (resp. the
raindrops) is computed using the mean mixing ratio and the mean-mass radius of
cloud droplets (resp. raindrops) from the bulk-microphysical scheme. Following Yang
et al. (2005) they are written:

Yo i @)

Ty A9 Ke=
r_C + ﬂ r_R + ﬂ
3Dy " 3vy 3Dy © 3vy

where
— rc (resp. rg) is the mean-mass radius of the cloud (resp. rain) size distribution. rg
is computed by the microphysical scheme of the model and depends on the grid
point and on time. It is typically 10 um. rg is fixed to 250 um in the microphysical
scheme.

kic =

— v is the thermal velocity of BrONO,,

— Dy is the gas phase diffusivity of BrONO, in air: Dy = Av/3 where 1 is mean free
path which is assumed to be 1 =0.1 um (Sander and Crutzen, 1996),

— y is the accommodation coefficient. It is assumed to be: y =0.3 (Yang et al.,
2005).

The model takes into account the effect on chemical species of condensation, water
vapour deposition, evaporation and sedimentation, these microphysical processes be-
ing estimated by the bulk microphysical scheme. It also includes the reversible kinetic
transfer of species from the gas phase to the cloud droplets and raindrops (controlled
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by the effective Henry’s and accommodation constants) and the transfer of species
from cloud droplets to raindrops during the coalescence process and to the ice parti-
cles during the riming process. The retention coefficient used in the transfer from cloud
to ice particles is assumed to be equal to 1 for all species. Once in the ice particles,
the chemical species are assumed to be lost by wash out. This last assumption is
realistic because the ice particles mainly grow by riming in the simulation and form
fast-falling graupel and hail particles. Some of them could nevertheless be transported
by convection up to the TTL where they could evaporate, releasing chemical species
in the gas phase. Taking into account this process would need to follow numerically
the concentration of the chemical species in the five ice categories of the microphysical
scheme. It has not been taken into account in the simulation to save computing time.

The Henry’s constants used in the model are mainly from Sander (1999). Table 1
gives the Henry’s constants for the bromine species. The values from Yang et al. (2005)
are used for HBr and Br,. For the hydroperoxydes and aldehydes, and ketone organic
bromine product gases we use those computed in Krysztofiak et al. (2011). In this
paper, the Henry’s constants are estimated by the Bond contribution method (BCM)
(Meylan and Howard, 1991) and by the Molecular connectivity index (MCI) method
(Nirmalakhandan and Speece, 1988). Krysztofiak et al. (2011, Supplement) show that
the MCI method is better to estimate the Henry’s law constant for aldehyde and ke-
tone whereas both methods agree on the estimation of the constant for hydroperoxide
compounds. The temperature dependencies are derived from CH;OOH for hydroper-
oxyde compounds and from RCHO and RR’CO for aldehyde and ketone, respectively
(Sander et al., 1999). The accommodation coefficients are derived from those used in
Barth et al. (2001).

The mass transfer between the gas and the liquid droplets takes into account the
diffusion in the gas phase and across the droplets interface. Like in many atmospheric
chemistry models (e.g. Barth et al., 2003) the diffusion inside cloud and rain droplets
is assumed not to be rate limited, meaning that the species are well mixed within the
droplets. The mass transfer coefficients ky_and ky_ are then written:
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(5)

kXC = > kXR = >
rC 4fC rR 4rH
3Dgx T Buxay 3Dgx T Buxay

where vy is the thermal velocity, Dy the diffusion coefficient in air and ay the accom-
modation coefficient of species X. The mass transfer coefficient for cloud is typically
ky, =2x 10°s7 . ltis kx, =5x 10%s™" for rain.

The model also takes into account the following reactions of Bry species in the aque-
ous phase:

HOBryq +Br~ +H* — Brygq +H,0 (R2)
Brpaq(+H20) — HOBr,q +Br~ + H* (R3)

The rate constants of these reactions are, respectively (Fickert et al., 1999): k, =
1.6x10"%mol™2 s, ks = 110s™". In the literature, Reaction (R2) is taken into ac-
count in sulphate aerosols and/or in sea salt aerosols (von Glasow and Crutzen, 2007).
Here we use Reaction (R2) in liquid hydrometeors instead of aerosols. Although Re-
action (R3) exists, it has been neglected so far in atmospheric chemistry models. This
is because Br, has a very low solubility leading to a very small time of residence in
small particles such as sulphate and sea salt aerosols. In this case Br, is very rapidly
released to the gas phase before Reaction (R3) can take place. Since cloud droplets
and raindrops have larger radius than aerosols, the time of residence of Br, in these
droplets is larger. In this case Reaction (R3) has time to take place and must be
taken into account. As shown in Appendix A, the residence time of Br, in the cloud
droplets (~ 3 x 107 s) is nevertheless smaller than the characteristic time of Reaction
(R3) (9 x 1073 s) leading to a significant release of Br, in the gas phase from cloud
droplets similarly to aerosols. On the contrary, the residence time of Br, in the rain-
drops (~ 0.1 s) is larger than the characteristic time of Reaction (R3) leading to a weak
release of Br, in the gas phase. For this reason, in this paper, the release of Br, by
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aqueous reactions in raindrops is neglected relatively to the release by aqueous re-
actions in cloud droplets. For the cloud, Henry’s equilibrium between the gas and the
aqueous phases of Br, may be assumed and Reactions (R2) and (R3) can be then
written in the condensed form:

HOBrg +Br; — Bry,  with the rate constant k,=k,[H*]/(6.02 x 10?°V) (R4)
Brog — HOBrc +Br,  with the rate constant ks=k3 x Hg,, ATV (R5)

where HOBr¢ and Brg, represent the molecules of HOBr and the Br ions from HBr in

the clouds per cm?® of air. Note that k, depends on the pH of the cloud droplets.

For HBr and HOBr the Henry’s equilibrium cannot be assumed. Therefore aqueous
chemistry Egs. (2) and (3) are solved similarly to the gaseous chemistry Eq. (1). Equa-
tions (1)—(3) are solved simultaneously with the chemical solver Rosenbrock RODAS3
(Sandu et al., 1997).

The dry deposition is taken into account for soluble species, in particular for HBr,
HOBr and soluble bromine organic species. The dry deposition velocity is computed
using the surface resistance defined by Wesely (1989).

2.3 Chemistry initialisation

The initialisation is the same for the BG and PERT simulations. At the beginning of
the simulations, CO, O5 and CH, are assumed to be uniform horizontally and fixed
vertically to the averaged profiles computed by the global Chemistry Transport Model
MOCAGE (Josse et al., 2004; Bousserez et al., 2007) at the grid point closest to Dar-
win (12° S, 131° W) for the whole November 2005 month. The MOCAGE simulation
has a 2° x 2° horizontal resolution and uses the RACM scheme for tropospheric chem-
istry (Stockwell et al., 1997) and the REPROBUS scheme for stratospheric chemistry
(Lefevre et al., 1994). The chemical composition of the profile selected is typical of
moderately polluted conditions. Since HNOj is the most abundant NO,, HNOj is ini-
tialised with the MOCAGE mean profile of NO, and other NO, species are set to zero.
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Bromoform is assumed to decrease from the surface to the upper levels with the maxi-
mum mixing ratios located in the first 1 km (approximate depth of the boundary layer).
A mixing ratio of 40 pptv is assumed at the surface. It corresponds to the value mea-
sured close to the sources by Yokouchi et al. (2005). Figure 1 shows the initial profile
of the CHBr5 mixing ratio. All other species are set to zero initially, including inorganic
and organic bromine product gases. No emissions are assumed during the BG and
PERT simulations. The simulation represents therefore the evolution of an air mass
initially rich in bromoform. Note that the dry deposition is the only loss mechanism for
Bry species in the BG simulation because this simulation corresponds to stable and
cloud/rain free conditions.

3 Results
3.1 The BG simulation

The time step for the dynamics of the BG simulation is 30s. The maximum chemical
time step is 180s. It is reduced, when needed, to increase the accuracy of the calcu-
lations. Photolysis coefficients are computed on-line every 300s. The BG simulation
is run from 16 May 23:00 UTC until 26 May 23:00 UTC. This duration of 10 days corre-
sponds approximately to the lifetime of the bromoform at the latitude and the season of
the simulation. Since this is the number of bromine atoms reaching the TTL which is of
interest, all mixing ratios of bromine species are weighted hereafter by their number of
bromine atoms. For instance, the mixing ratio of CHBr5 will refer to 3 times the actual
CHBr3 mixing ratio.

Figure 2 shows the evolution of the bromoform and of its product gases at the alti-
tude of 1 km at the middle point of the domain. The decrease of CHBr5 is mainly due
to photolysis and to the reaction with OH. Photolysis is more efficient than the reaction
with OH as shown in Table 2. The computed lifetime at 1 km altitude is 9.1 days (Ta-
ble 2). This lifetime is smaller than the global mean lifetime of bromoform which is 26
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days (WMO, 2007). This is due to the low ozone column prevailing at the location of
the simulation and to the large concentration of OH (Table 2). The decrease of CHBr5
is also due to the vertical diffusion. Table 2 gives also the mean values over the 10-day
simulation, at 1 km altitude, of OH, HO,, NO, and O3. The simulation corresponds to
a low NO, regime which explains the low value of Oj.

The mixing ratios of PGs increase as CHBr3 mixing ratio decreases (Fig. 2). The
sum of both CHBr; and PGs mixing ratios decreases with time. This is mainly due
to their loss by dry deposition and also to diffusion. Figure 2 also shows that the
bromoform and the PGs are of the same order of magnitude during the second part of
the simulation.

Product gases (Fig. 3) are mainly in the form HBr which is the final product of the
degradation of bromoform. The increase of HBr mixing ratio is nevertheless limited by
dry deposition. After 5 days of simulation HBr mixing ratio is between 2 and 3 times
larger than the organic product gases and 5 times larger than the other inorganic prod-
uct gases. Among the organic product gases the most abundant is CBr,O (maximum:
7 pptv of bromine atoms). CBr;OOH, CHBr,OOH and CHBrO are of the same order
of magnitude (maximum ~ 2 pptv of bromine atoms each) while CBr;O, and CHBr,O,
have very low concentrations. Note that CBr;OOH and CHBr,OOH are highly soluble
while CBr,O and CHBrO have low solubilities.

3.2 The PERT simulation

In this simulation the dynamical time step is 4 s and the maximum chemical step is 12 s.
Photolysis rates are computed every 100s. The temperature and moisture perturba-
tions are applied after 5 days and 6 h of simulation. The starting time of the perturbation
is noted f, hereafter. At ty, the mixing ratio of bromoform is of the same order as the
mixing ratio of the product gases in the low levels (Fig. 2). Figure 4 presents vertical
cross-sections in the middle of the convective cloud at different times. Twenty minutes
after the starting time of the perturbation (¢, + 20 min) convection reaches 13 km alti-
tude with total condensed droplets (liquid + ice), rain and liquid cloud mixing ratios up
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to 16, 8 and 3.3g kg‘1, respectively. At ty+30min convection is fully developed with
a maximum altitude of ~ 17 km, i.e. within the TTL. At this time, the maximum rain mix-
ing ratio is 159 kg‘1 while liquid cloud mixing ratios are lower than 0.5g kg‘1. Above
6 km, the condensed phase is only composed of ice particles with mixing ratios up to
Sgkg'1. The rain and the liquid cloud totally disappear after t,+ 110 min while ice
particles remain present at high altitude after ¢, +2h.

We firstly study the evolution of the CHBr; source gas. It is transported rapidly up-
ward when deep convection develops as illustrated by Fig. 5 showing the vertical cross-
section of the mixing ratio of CHBr3 at ¢y, + 30 min. Its maximum value is ~ 55 pptv at
13.5 km altitude. The turbulent mixing of the chemical species is taken into in the model
leading to the dilution of CHBr; during convection, mainly at the edges. Nevertheless
the comparison with values close to surface (~ 70 pptv) shows that a significant part
of CHBr5 is transported into the upper troposphere and TTL. Because of its very low
Henry’s constant CHBr5 is hardly washed out by convective rain.

The mixing ratios of the organic product gases in the upper troposphere and TTL
largely depend on their Henry’s constants (see Table 1). Examples of the results for
two important organic PGs (CBr;OOH and CBr,0) at ¢, + 30 min are shown in Fig. 6.
The mixing ratio of CBrsOOH is negligible in the TTL because it is washed out by rain
(Fig. 6a). Among organic PGs, CBr,O has the highest mixing ratio in the upper tro-
posphere and TTL with a maximum of ~ 7 pptv (Fig. 6b). This is because it is largely
produced by gaseous chemistry and hardly washed out thanks to its low Henry’s con-
stant.

The analysis of the inorganic species is more complex since they undergo not only
gaseous chemistry and wash out but also hydrolysis and aqueous chemistry. Rapidly
after cloud and rain formation, the hydrolysis leads to a severe loss of BrONO, which
feeds HOBr. Simultaneously most of HOBr and HBr is dissolved in rain and then scav-
enged. Figure 7 shows the vertical cross-section of HBr at the maximum of the con-
vection development. Very low mixing ratios of HBr (less than 0.1 ptv) are found in the
upper troposphere. This justifies not taking into account in this simulation the reactions
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with the ice particles present in the upper troposphere since the main reactions on ice
are between inorganic bromine species and HBr adsorbed on the ice surfaces (As-
chmann et al., 2011). Part of HBr and HOBr is also dissolved in the cloud droplets
where they undergo Reaction (R4) and form Br, in the gas phase. This gaseous Br,
rapidly forms Br, BrO and HOBr in sunlight conditions. The formation efficiency for Br,
depends on the pH of the cloud droplets. This is illustrated in Fig. 8 showing the cross-
sections of Br, (Br+2Br, + BrO +HOBt) in the gas phase at ¢, + 20 min for pH =5 and
pH=4. The pH =5 case corresponds to standard atmospheric conditions while pH =4
represents more polluted acidic conditions. With pH =4 there is more gaseous Br,
produced because Reaction (R4) is more efficient. Br, is mainly formed at the edge of
the cloud since the sunlight is reduced deep inside the cloud. The Br, formation at the
edge of the cloud is similar to the so-called “bromine explosion” observed in presence
of sea salt aerosols (Barrie et al., 1988) and aerosols in volcanic plumes (Bobrowski
et al., 2007; Roberts et al., 2009). Figure 9 shows the cross-section of Br, at the ma-
ture stage of the convective cloud (f; + 30 min) for both pH =5 and pH = 4. At this time,
Br, has reached the TTL with higher mixing ratios for pH = 4 (max ~ 8 pptv) than for
pH =5 (max ~ 3 pptv), similarly to ¢, + 20 min. The largest mixing ratios remain in the
low and mid troposphere because Br, is mainly formed at the edge of the liquid cloud
where lower vertical ascent velocities are simulated compared to the ascent velocities
in the middle of convection.

Figure 10 shows the vertical cross-sections of CHBr; and of the total PGs in the
PERT simulation compared with the BG simulation at the end of the convective event
(to +110min). The impact of convection on the chemical composition of the lower
troposphere below 2000 m altitude is relatively small. It is more important on the PGs
because of the wash out of the soluble species. CHBr; and PGs which have been lifted
by the vertical winds in the convection tower remain in the upper troposphere at the
end of the convective event. CHBr; and PGs mixing ratios maxima are 40 and 7 ppty,
respectively at ~ 12km altitude (see Figs. 10b,d). They are lower than at ¢, + 30 min,
time of the maximum of the convective development.
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To analyse in more detail the final effect of the convective event we plotted in Fig. 11
the mean profiles averaged horizontally over the whole domain of the organic PGs,
inorganic PGs and total PGs mixing ratios relative to CHBr; mixing ratio at the end of
the convective event (¢, +110min). Figure 11a—c is, respectively for the simulation with
cloud pH =5, with cloud pH = 4 and without bromine species aqueous reactions in the
cloud. The total PGs relative to CHBr5 for the simulation assuming pH =5 (Fig. 11a) is
large up to 5 km altitude, reaching a maximum of 90 % around 3 km altitude.

In 0-5km layer the three simulations are different since this layer corresponds to
where rain is mainly present. In acidic conditions (pH = 4), HBr in the rain is less
washed out than in cleaner conditions (pH=>5) because of the formation of Br, in the
cloud. Without bromine species aqueous reactions in the cloud, the total PGs to CHBr5
ratio is lower because of no gaseous Br, production. Above 5km altitude, the species
present are those which were transported by convection. The ratio of organic PGs
relative to CHBr3 for the three simulations vary similarly from 18 % at 5km altitude to
14 % at 18 km altitude. The contribution of the organic PGs in the upper troposphere
and TTL is therefore significant. The lack of difference between the three simulations
is because aqueous chemistry in cloud does not influence CHBr; and organic PGs
because of their low solubility. In the convective conditions chosen in the PERT simu-
lation the contribution of organic PGs is significant and larger than the inorganic PGs
contribution. Hossaini et al. (2010) in their detailed study of CHBr; degradation found
an average value of ~ 3% at 100 hPa (~16 km) at tropical latitudes. The difference with
our simulations is likely due to the high sunlight conditions of our simulations. Rela-
tively to mean conditions, such extreme conditions lead to decrease more the lifetime
of CHBrj3 than the lifetime of the final organic product gases CBr,O and CHBrO. Above
5km altitude the variations of the total PGs to CHBr; ratio follow the variations of the
inorganic species ratio. For the simulation assuming pH =5 (Fig. 11a), the inorganic
PGs to CHBrj3 ratio decreases from 15 % to 3 % with increasing altitude with the total
PGs to CHBr5 ratio decreasing from 33 % to 17 %. Therefore the amount of the total
PGs relative to CHBr5 brought into the upper troposphere and TTL by convection is
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significant. It is larger than in the simulation without bromine species aqueous reac-
tions in the cloud (25 % to 16 %) because in the pH = 5 simulation there is production
of Br, which is transported in the upper troposphere and the TTL. In the pH = 4 simu-
lation the inorganic PGs to CHBr5 ratio is larger (from 30 % to 7 %) than in the pH=5
simulation because of the enhanced production of Br,. The total PGs to CHBr5 ratio
for pH = 4 varies from 48 % to 21 %.

These results indicate that convection transports efficiently organic PGs, which are
for the more abundant of them not very soluble, and that inorganic PGs are not fully
scavenged if the aqueous chemistry in cloud droplets is taken into account. This last
process depends on the cloud pH.

4 Conclusions

Bromoform is known to be one of the main sources of halogenated VSLSs that could
influence the bromine loading in the stratosphere. Tropical convection is the main
pathway for bromoform and its product gases (PGs) to the tropical tropopause layer
(TTL). From the TTL they can enter the stratosphere via radiative ascent. In this paper
we present a detailed study of the transport and degradation of the bromoform and its
PGs in convective conditions at the cloud scale. The objective is to evaluate the relative
importance of the different processes affecting the spatial distribution of bromoform and
its product gases in convective conditions, in particular the interactions of PGs with
the liquid cloud and rain. We use the three-dimensional cloud resolving model with
tracer transport CATT-BRAMS coupled on-line with a chemistry model. The chemistry
model includes gaseous chemistry, photolysis, BrONO, hydrolysis, aqueous chemistry
of bromine species and dry deposition. This model is more detailed than what is used
in current global models. In particular we take into account the aqueous chemistry
including the production of Br, in the gas phase via the reactions in the aqueous phase.
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For this study at the convective scale, we used idealized meteorological conditions
from a tropical radiosounding launched during the convective season in North Aus-
tralia. Two simulations were done. The BG (background) simulation corresponds to
stable atmospheric conditions and was run for 10 days. The PERT simulation is similar
to the BG simulation except that temperature and moisture perturbations were applied
in the lowest 2 km layer after 5 days and 6 h leading to the development of a convective
cloud reaching the TTL. The results of the BG simulation show that bromoform mixing
ratio in the boundary layer decreases and PGs increase with time. Product gases are
mainly in the form of HBr and organic products. Because of dry deposition the sum
of bromoform and PGs decreases with time. In the PERT simulation a significant pro-
portion of CHBr; is transported by convection into the upper troposphere and the TTL
because it is not a soluble species. Organic species, which are for the most abundant
of them not very soluble, are also efficiently lifted in the TTL. The quantity of inorganic
PGs reaching the upper troposphere and the TTL depends tightly on the interactions
between the gas phase and the aqueous phase. The results clearly show that one im-
portant process in the partitioning of inorganic PGs between soluble and non-soluble
species is the formation of Br, in the gas phase released from cloud droplets containing
dissolved HOBr and HBr. This reaction favours the formation of non soluble inorganic
PGs and reduces HBr and HOBr scavenging leading to an increase of non-soluble inor-
ganic mixing ratios in the upper troposphere and in the TTL. This process depends on
the cloud droplet acidity and is significantly more efficient in polluted conditions (high
acidity).

In this study the chemical model we developed is based on the current atmospheric
chemistry knowledge. There are several sources of uncertainties in this model. Firstly,
the results depend strongly on the Henry’s constants for inorganic PGs which were
determined here theoretically by Krystofiak et al. (2011). They need to be confirmed
by experimental measurements. Secondly, the simulations were run in idealised con-
vective conditions. In real conditions, several parameters could be different from those
used in the PERT simulation. This could lead to a different proportion of PGs (organic
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and inorganic) lifted by convection in the TTL. The differences between idealised and
real conditions that are expected to lead to significant differences in the results are:

— the relative concentrations of organic and inorganic PGs with respect to CHBr4
before convection starts,

— the concentrations of soluble and low solubility organic and inorganic PGs before
convection starts,

— the mixing ratios of liquid cloud and rain produced by convection,
— the pH of liquid cloud particles.

To go a step further, simulations of real case studies are required. This will be possible
in the frame of the SHIVA European project. One objective of this project is the un-
derstanding of the chemistry and pathways to the stratosphere of halogenated VSLSs.
The SHIVA field campaign will provide validation data for model simulations. Once
validated on real case studies, the results on the partitioning between CHBr3, organic
and inorganic PGs reaching the TTL could be taken into account in global models via
parameterizations.

Two issues which have not been discussed in the paper are the transport of species
transferred from cloud to ice particles during the riming process and the interaction
between PGs in the gas phase and the ice particles in the atmosphere. Most of the
species transferred by riming in the ice phase are rapidly washed out because most
rimed particles are dense and therefore fast-falling. But the small proportion of species
which are transferred by riming to small slow-falling ice particles could be transported
to the TTL and possibly released to the gas phase by sublimation. This could be taken
into account in a future work. The interaction between PGs and ice particles has not
been included in our chemistry model although it was taken into account by Aschmann
et al. (2011) in their simulations at the global scale. For our study of bromoform at
the local scale, this process is likely not very important since only very small amounts
of HBr reach altitude levels where dry ice particles grow by water deposition. This is
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because HBr is efficiently scavenged by cloud and rain below and cannot therefore be
transported in the upper troposphere where ice is present. Nevertheless, this process
is likely important several hours after convective events in the cirrus layer that generally
remains after convection. At this cloud stage HBr can be produced from inorganic PGs
transported by convection into the upper troposphere and the TTL and interact with ice
particles.

Appendix A

Production of Br, in the gas phase via the reactions in the aqueous phase

For Br,, Egs. (1)—(3) can be written:

d[Br,] kg

d:g rATBrlo—koVolBrolg + o Broln—kaValBrolg + Fy=LolBrol (A1)
d[B K
d[B k

where [Br,]c, [Brs]g, [HOBr] [HOBr]g are the concentrations per cm® of air of Br,
and HOBr in cloud droplets and raindrops, [Br,], is the concentration of Br, in the gas
phase, [Br ]s, [Br'1r, [H']c and [H]g are the concentrations (in mol per | of water) of
bromine ions and pH in the cloud or the rain droplets, k; and kg are the mass transfer
coefficients of Br, in cloud and rain, respectively, H is the Br, Henry’s coefficient, A,
and L4 are the production and loss term of Br, in the gas phase, I, Vg, k; and k3 are
defined in Sect. 2.2.
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Since the loss terms of Egs. (A2) and (A3) are very large, the equilibrium is reached
rapidly leading to:

ko

<k3 o RT) [Brylc=ka[Br Ic[H*1c[HOBrG + ko Vo[Bral, (A4)
kn

<k3 . HRT) [Brln=ko[Br Ta[HTa[HOBIIg + kg VA[Brl, (A5)

For Br,, the sum of Egs. (A1), (A2) and (A4) leads to:

d[Bry]r

= ko[Br~]c[H*]c[HOBr]c + ko[Br~1g[H* g [HOBrlg - k3[Br,]c
—k3[Brs]g + Pg—Lg[Bralg (AB)

at

where [Br,]r = [Br,]y +[Bro]c +[Braolg.

Using Egs. (A4) and (A5) and assuming HHT > kg > H,;‘T as discussed in Sect. 2.2,
Eq. (A6) can be written:

d[Brolr _
at

Kr
3

—krVr[Broly + Fs—Lg[Brzly (A7)

— 5= [Br Ig[H*Ig[HOBrlg—k3HRT V¢ [Br,],

If the concentrations of Br~ and HOBr were equal in the cloud and in the rain and if
the volume of the rain and cloud were also equal, the second term and the fourth term,
which are relative to the rain, would approximately be 10 times lower than the first and
the third terms, which are relative to clouds. In the simulations, the concentrations of
bromine ions (Br~) and HOBr in the cloud compared with those in the rain are varying
as a function of the grid point and of the time. Cloud and rain volumes are also varying.
Nevertheless, at the beginning of the formation of the convective event, i.e. approxi-
mately from ¢y + 15 min to f, + 25 min (¢, is defined in Sect. 3.2), they are of the same
order on average. It is in this time interval that Br, is produced. It is then possible to
neglect the second and fourth terms of Eq. (A7).
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Moreover the concentration of Br, in the gas phase is well larger than the concen-
tration in aqueous phase. For these reasons, Eq. (A7) can be written in the simplified
final form:

d[Bralg
dt

Note that assuming the Henry’s equilibrium for Br, in Eq. (A6) and neglecting also
the terms relative to the rain would lead to the same equation.

= ky[Br]c[H*Ic[HOBrlc—k3HRT Vi [Brolg + Po—Lg[Bralg (A8)

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/29561/2011/
acpd-11-29561-2011-supplement.pdf.
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Table 1. Accommodation coefficients and values used in the determination of the effective

Henry’s constants Hy® of bromine species X used in the model.

f

Species a Hogg ay Ksgg ay
(mol I atm’1) (K) mol (K)
HBr 0.2 0.71¢ 10200.4 1x10°¢ 0.
HOBr 0.2 6.1x10°%° 5900.° 0. 0
Br, 0.05 0.76¢ 4177.° 0. 0.
CBryOOH 02  196x10°®  5200.¢ 0. 0.
CHBr,OOH 02 225x10*®  5200.° 0. 0
CHBrO 0.05 74.° 5800." 0. 0
CBr,0 0.05 21.5° 5400." 0. 0

K
& Hy = Haggexp (a,_, (- 55) (1 + [f'?);)exp(a,( (- 2%)))
® Sander (1999).
¢ As for HOCI (Sander, 1999).
4 Yang et al. (2005).
® Krysztofiak et al. (2011).

f Barth et al. (2001).
9 As for CHz;OOH (Sander, 1999).

" Mean temperature dependency of RCHO and RR'CO (Sander, 1999).
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Table 2. Concentration and lifetime of important species for the organic bromine chemistry in
the BG simulation.

OH? HO,®  NO/2 02 Ozcolumn® 1o5,° 17,° 7
(ecm™®) (em™)  (pptv) (ppbv) (DU) (days) (days) (days)
272x10° 1.96x10® 13 14 250 226  15.2 9.1

& Averaged values over the 10 days of the simulation at 1 km altitude.

P |ifetime of CHBry relative to OH.
¢ Lifetime of CHBry relative to photolysis.

4 Total lifetime of CHBr;.
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Fig. 1. Initial bromoform profile used in the calculations. This profile is set homogeneously

horizontally over the whole domain.
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Fig. 2. Time evolution of the mixing ratio of bromine atoms (pptv) in bromoform (black), in
product gases (red) and in the sum (green) over the 10 days of the BG simulation at 1km

altitude 12.4° S and 130°9 W (middle point of the domain).
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Fig. 3. Same as Fig. 2 but for HBr (green), for organic products (CBrsOOH + CHBr,OOH +
CBr,0 + CHBrO) (red) and for other inorganic products (Br+BrO + HOBr + BrONO,) (black).
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Fig. 4. Longitude-altitude cross section at 12.4° S of (a) the total condensed water (liquid +ice)
mixing ratio (gkg™") at ¢, + 20 min, (b) the rain mixing ratio (gkg™") at ¢, +20 min, (c) the liquid
cloud mixing ratio (g kg‘1) at t, +20 min, (d) the total condensed water (liquid +ice) mixing ratio
at ¢, + 30 min, (e) the rain mixing ratio (g kg‘1) at t,+30min and (f) the liquid cloud mixing ratio
at t,+30min. t, is 5 days and 6 h after the beginning of the simulation.
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Fig. 6. Longitude-altitude cross-section at 12.4°S at ¢, + 30 min of the mixing ratio (pptv) of
bromine atoms in (a) CBr;OOH and (b) CBr,O.

29595

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 29561-29600, 2011

Bromoform transport
and chemistry in
deep convection

V. Marécal et al.

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/29561/2011/acpd-11-29561-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/29561/2011/acpd-11-29561-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

20000
18000
16004
14000
12004

10000

altitude {m)

6000
40040
2000

130.5E 130.6E 130.7E 130.8E 130.E 131E 131.1E 131.2E 131.3E
longitude

g 005 01 02 05 1 2 5 10 20 30

Fig. 7. Longitude-altitude cross section at 12.4° S at ¢, + 30 min of HBr in pptv.
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Fig. 8. Longitude-altitude cross section at 12.4° S at ¢, +20 min of Br,=Br+BrO +2-Br, + HOBr
in pptv for (a) cloud pH =5 and (b) cloud pH =4.
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Fig. 9. Same as Fig. 8 but for ¢, + 30 min.
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Fig. 10. Longitude-altitude cross section at 12.4° S of bromine atoms for cloud pH =5 in at
to+110min in (a) CHBr; in the BG simulation, (b) CHBr3in the PERT simulation, (c) total PGs
in the BG simulation, (d) total PGs in the PERT simulation.
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Fig. 11. Mean profile at the end of the convective event (¢, + 110 min) of the ratio of the bromine
atoms mixing ratio in the total PGs over the bromine atoms mixing ratio in CHBr; averaged on
the horizontal (black); same for inorganic PGs over CHBr; (red); same for organic PGs over
CHBr; (green) (a) for cloud pH =5, (b) for cloud pH =4 and (c) if the hydrolysis of BrONO,
and the reactions in aqueous phase of HBr, HOBr and Br, are not taken into account in the

simulations.
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