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background: Importance of multiphase chemistry
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Abstract.  Aircraft and satellite observations indicate the presence of ppt

(ppt = pmol/mol) levels of BrO in the free troposphere with important
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implications for the tropospheric budgets of ozone, OH, and mercury. We
can reproduce these observations with the GEOS-Chem global tropospheric
chemistry model by including a broader consideration of multiphase halo-
gen (Br—Cl) chemistry than has been done in the past. Important reactions
for regerﬁM BrO from its non-radical reservoirs include HOBr+Br~ /C1~
in both and clouds, and oxidation of Br~ by CINO3 and ozone. Most
tropospﬁeEO in the model is in the free troposphere, consistent with ob-
servations@originates mainly from the photolysis and oxidation of ocean-
emitted C% Stratospheric input is also important in the upper tropo-

sphere. Including production of gas phase inorganic bromine from debromi-
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nation of acidified sea salt aerosol increases free tropospheric Br, by about

30 %. We find HOBr to be the dominant gas-phase reservoir of inorganic bromine.
Halogen (Br-Cl) radical chemistry as implemented here in GEOS-Chem drives

14 % and 11 % decreases in the global burdens of tropospheric ozone and OH,
respectiﬁH6 % increase in the atmospheric lifetime of methane, and an
atmosphe @M‘ time of 6 months for elemental mercury. The dominant mech-
anism for Er—Cl driven tropospheric ozone decrease is oxidation of NO,,

by format‘(n-jnd hydrolysis of BrNO3 and CINOj.
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1. Introduction

Atmospheric bromine radicals (BrO,=Br+BrO) destroy ozone, perturb HO, (OH +
HO,) and NO, (NO + NO,) radical budgets, and provide a sink for mercury [von Glasow
et al., 2%4;_Pfrmlla et al., 2012; Simpson et al., 2015]. The importance of bromine
radical Ch@ is well established in the stratosphere [Montzka et al., 2010] and in
the ArchiGeiaandary layer in spring [Barrie et al., 1988; Simpson et al., 2007]. There
is increasing evidence for a tropospheric background BrO concentration of the order of
1 ppt (pp™=*Hmol/mol) in the daytime [Platt and Honninger, 2003; Sinnhuber et al.,
2005; Pmmoman et al., 2011; Theys et al., 2011; Volkamer et al., 2015; Wang et al.,
2015]. Su@nackground would provide a major sink for tropospheric ozone and also

deplete OYf, the main tropospheric oxidant [von Glasow et al., 2004; Yang et al., 2005; Saiz-

Lopez et ajem 2; Parrella et al., 2012; Wang et al., 2015]. It would also imply atomic Br
concentgadigaesufficiently high to provide the main oxidant for gaseous elemental mercury
and thus J#® the patterns of mercury deposition to ecosystems [Holmes et al., 2010; Wang

et al., 2015; Gratz et al., 2015; Coburn et al., 2016]. Here we use a global 3-D chemical
transport moqe (GEOS-Chem CTM) to interpret recent observations of tropospheric BrO
and its re rs in terms of our understanding of tropospheric bromine chemistry and

s el

The math sources of reactive inorganic bromine (Br,) in the troposphere are photochem-
ical decogon of organobromines (CHBr3, CHyBry, CH3Br), release of bromine from
sea salt @(SSA), and transport from the stratosphere where Br,, originates from pho-

tochemical decomposition of organobromines and halons [Yang et al., 2005; Liang et al.,
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2014]. CH3Bry and CHBr3 are of marine biogenic origin, while CH3Br has both natural
and anthropogenic sources [Montzka et al., 2010]. Cycling of Br, takes place between
BrO, radicals and non-radical reservoirs (including HBr, HOBr, BrNOy, BrNOj, Bry,
BrCl). Br, is eventually removed from the troposphere by dry and wet deposition.

A num*-ﬂglobal model studies have pointed out the potential importance of BrO,
radicals f al tropospheric chemistry [von Glasow et al., 2004; Yang et al., 2005;
Warwick E 2006; Breider et al., 2010; Hossaini et al., 2010; Parrella et al., 2012;
Ordonez egpabmg 2012; Saiz-Lopez et al., 2012; Long et al., 2014; Fernandez et al., 2014;
Sherwen e 2016]. Confidence in these models has been limited by the paucity of
observational constraints on BrO and other Br, species. The previous GEOS-Chem study
by Parrel al. [2012] underestimated GOME-2 satellite observations of tropospheric
BrO colurEy ~ 30%. Model predictions for BrO in the tropical upper troposphere
[Yang et m%; Parrella et al., 2012; Long et al., 2014; Fernandez et al., 2014] are
much SE\an recent observations [ Volkamer et al., 2015; Wang et al., 2015]. Here
we use ot observations of BrO, together with BrO observations from satellites, to
better con@ tropospheric bromine chemistry in models. We propose in particular that
the coupli bromine reservoirs (HBr/Br~ and HOBr) to chlorine and ozone through

multiphﬁ’nistry is more important than previously recognized for sustaining the

high observed levels of BrO and Bry in the troposphere.

e —
2. Modemcript ion

We u@EOS—Chem global CTM (v9-02; http://www.geos-chem.org) including a

detailed ozone-NOx-VOC-aerosol-Br-Cl tropospheric chemistry mechanism. The model is

driven by GEOS-5 assimilated meteorological data from the NASA Global Modeling and
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Assimilation Office with 1/2° x 2/3° horizontal resolution and 47 vertical layers extending
from the surface up to 80 km. The horizontal resolution is degraded here to 4° x 5° for
input to GEOS-Chem. The year 2007 is chosen as a reference and all simulations are
spun-up over 1 year (2006) for initialization.

The SM)H updates the tropospheric bromine mechanism originally described by
Parrella 612], to include a more extensive multiphase chemistry mechanism as de-
scribed Be@e have also added a simulation of tropospheric chlorine radical chemistry
coupled tgehw¢ of bromine as providing an important pathway for recycling of bromine
radicals. Forghe purpose of this paper we define Br, and Cl, as the reactive inorganic
halogens, excluding halide contained in sea salt that has not yet been activated to produce
gas-phase anic halogen species.

The souEf reactive tropospheric inorganic halogens are listed in Table 1. Produc-
tion from n;@ ohalogens by oxidation and photolysis is well established. Our simulation

of organges is as in Parrella et al. [2012], who showed good agreement with vertical

profiles from aircraft campaigns. We confirm this agreement in model compar-

isons to ajgcraft observations of organobromines from the CARIBIC project covering the

-

upper tro ere |Wisher et al., 2014, see also http://www.caribic-atmospheric.com)],

Q

the TORE ampaign covering the Eastern Pacific, and HIPPO campaign across the

Pacific [WoJsy et al., 2012a, b], see Fig. S1 in Supporting Information (SI). CH3Br+OH

{

kinetics a ated according to Nilsson et al. [2013], increasing the Br, source contri-

U

bution by tropgspheric CH3Br from 56 GgBra~! in Parrella et al. [2012] to 91 GgBra™!

A

here. Thi ins small compared to the dominant organobromine source from CHBrg

(404 GgBra™'). Stratospheric Br, is treated as a boundary condition above the GEOS-5
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tropopause using archived Br, fields from the GEOSCCM global 3-D simulation by Liang
et al. [2010] that are consistent with balloon based stratospheric BrO observations [Liang
et al., 2014].

Additional generation of bromine radicals by oxidation of bromide in SSA is uncertain
and highﬁjﬁﬁﬂable. Observations in the marine boundary layer (MBL) generally show
BrO below@tection limit of < 1ppt [Leser et al., 2003; Gomez Martin et al., 2013;
Volkame‘r@ 2015; Wang et al., 2015], but some studies show detectable higher values
[Saiz-Lopegetwyl., 2004; Read et al., 2008; Martin et al., 2009]. The underlying mechanisms
are poorly ugderstood and could be sensitive to a number of factors including aerosol
acidity an% presence of dissolved organic matter [Fickert et al., 1999; Liang and
Singer, 2 =We perform two seperate simulations (A and B): Our simulation A does not
include demenation of SSA. Our simulation B includes dehalogenation of acidic SSA as
a source owand Cl,. The GEOS-Chem SSA simulation is as described by Jaegle et al.
2011] a alt bromide (Brgg,) is emitted as part of SSA with a ratio of 2.11 x 103
kg Br (kEA)1 [Lewis and Schwartz, 2004]. The transport and deposition of Brgg,
follows thltithe parent sea salt aerosol. Release of Bry, BrCl and HOBr from acidified
SSA follo e general multiphase chemistry mechanism described below. Uptake of
gas-phase y SSA provides an additional source of Brgg,.

Remo;i, and Cl, takes place by wet and dry deposition. Wet deposition of gases
and aerosSlows the schemes described by Amos et al. [2012] and Wang et al. [2011],
respectively. Ly deposition is computed with the resistance-in-series scheme of Wesely
[1989] asT ented by Wang et al. [1998]. Deposition of gases depends on the Henry’s

law and acid dissociation constants.
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2.1. Tropospheric chlorine simulation

The chlorine simulation is based on the GEOS-Chem UCX chlorine mechanism for the
stratosphere [Eastham et al., 2014] extended here to the troposphere. Sources of reactive
inorganic tropospheric chlorine (Cl,) include oxidation of organochlorines, release from
sea salt wjmssmdlilation B), and transport from the stratosphere (Table 1). We add 14 gas
phase chlecies to the GEOS-Chem tropospheric mechanism: BrCl, Cl,, Cl, CIO,
HCL, HCJ@OQ, CINO3, C100, OCIO, Cl,0,, CH3Cl, CH,Cly, and CHCL,.

The org@lorines release atomic Cl when oxidized by OH and Cl. Their sources are
represented igaplicitly by imposing fixed surface mixing ratios of 550 ppt CH3Cl, 20 ppt
CH,Cly, awppt CHCIl3 based on 2007 NOAA and AGAGE network data [Montzka
et al., 2019"™Fhe model lifetimes of these organochlorines against oxidation are 480, 158
and 152 dE@spec’cively, which implies that CH3Cl is the dominant source of inorganic
chlorine iC@ standard simulation (See Table 1). Chlorine is released from SSA in
simulatErough the multiphase chemistry mechanism described below. We do not
considerlimsssmdisplacement of HCI from sea salt nor chloride activation by NyOs. The
latter mecganism can drive large chlorine release in polluted continental regions [ Thornton
et al., 201 t we expect it to be of little importance globally. Stratospheric chlorine

is Simulates E! owing Murray et al. [2012] by using archived monthly mean production

and loss Tate constants for individual chlorine species from the Global Modeling Initiative

(GMI) strﬁeric model.

2.2. H{‘multiphase chemistry
Our halogen Thultiphase chemistry mechanism (halogen X= Br or Cl) is based on recom-

mendations by TUPAC [Ammann et al., 2013] and takes place in liquid and ice clouds, sea
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salt aerosol, and sulfate aerosol (the implementation of sulfate aerosols in GEOS-Chem is
described by Park et al. [2004] and Pye et al. [2009]). The mechanism includes hydrolysis

of halonitrates,

XNO; 229 HOX + HNO3,

and oxi(ﬁilo_ngf halides by HOBr, CINO3 and Og,
HOBr + X~ + H" — BrX + H,0,

CINOs + Br~ — BrCl + NOgy,

05 + Br~ 2% HOBr + OH™ + O,.

SCII

The rate thion depends on the concentration of gas-phase reactant, [A(g)], and con-

densed ph rface area concentration, [S], following the parameterization from Am-
mann et al. 3],
d[A(g)] c
=—7-[5][A 1
Bl S slAG)) (1)

where v§eaative uptake coefficient and c¢ is the mean thermal velocity of A. The
reactive uptake coefficient as defined here includes all mass transfer limitations. It is

calculated%wing a resistor-in-series expression,

O 1 1 1

St &)

L T

where lthe resistance to gas-phase diffusion that depend on the particle radius (r)

and the gas—pﬁse diffusion coefficient of A in air (D4 ),

4D
<C o= 1015 ®
cr
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1/+" is the total condensed-phase resistance to subsequent mass accommodation, mass
transfer, and first-order reaction. It depends on a number of factors including par-
ticle radius, particle halide concentration, pH and temperature, as described in Ta-
bles 2 and 3. In addition, we include uptake of HBr on SSA to form Brgy, with
7' = 1.3 wlaadl exp (4290 K/ T).

Genera@olaﬁle dihalogens from the aqueous-phase reaction of HOBr with bro-
mide an‘d@ide (R1) is pH-dependent and requires acidic conditions [Fickert et al.,
1999]. Clomdwgter pH (typically in range of 4 to 6) is calculated locally in GEOS-Chem
following Aleggnder et al. [2012]. Sulfate aerosol is assumed to have a pH of 0 following
the observations by Froyd et al. [2009] who found sulfate aerosol in the free troposphere
to be str acidic (pH< 1). Sulfate aerosol in the MBL is also prevailingly acidic
[Paulot etEJIE)]. Sea salt aerosol is emitted alkaline, but the alkalinity can be titrated
in GEOS—@ by uptake of HNOj3, SOy and HyoSOy4 [Alexander et al., 2005]. Sea salt

aerosol Eained alkalinity is assumed to have pH= 8 (similar to sea water), while

sea salt with no remaining alkalinity is assumed to have a pH of 5. In simulation

B sea saltglehalogenation is enabled for acidic SSA.

The clo plet and sulfate aerosol halide concentration, [X~], is modeled assuming
local eqlﬂn between gas phase HX and condensed phase X~. We model the surface
area concentravion of liquid and ice clouds using local liquid and ice water contents (LWC

and IWCS the GEOS-5 meteorological data and assuming effective radii of 10 pym

overlayer ine the droplets, in which halogens accumulate as they are expelled from

and 75 pum, re:ectively. Studies of ice crystals have shown the existence of an unfrozen

the ice lattice [Bogdan et al., 2006, 2010]. The thickness of this layer is typically 1073 to
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X-12 SCHMIDT ET AL.: MODELING THE TROPOSPHERIC BRO BACKGROUND

1072 of the ice crystal diameter; in the present simulation we assume a constant value of

1072. Ice cloud multiphase chemistry is assumed to be confined to this layer.

3. Global distribution of tropospheric bromine

Figure-]l(u_pger panel) shows the GEOS-Chem simulated annual budget of tropospheric
inorganic mne, for the simulation not including SSA dehalogenation (simulation A).
The total dadgmconcentration is 7% less than the previous GEOS-Chem simulation by
Parrella %[2012]. That study included a sea salt debromination source based on
observed the depletion factors [Sander et al., 2003], with a corresponding global Br,
source frow salt debromination of 1420 GgBra~! that is similar to the source of
1620 GgBra_Jin our simulation B that includes dehalogenation of acidic SSA (Table 1).

However, Ee geographic distribution of SSA debromination is different; Parrella et al.

[2012] fou bromination over the Southern Ocean to dominate due to high emission
sea salt d ic region, whereas we find less debromnination in this region as acid input
are often cient to compensate for the high alkalinity flux. Our simulation including

SSA debromination show highest levels of BrO in the MBL over the tropical and North
Atlantic, where SSA alkalinity is generally fully titrated. We find a 4 fold increase in Br,
in the MBQI’I SSA debromination is included. The effect of SSA debromination on the
free trowﬁe is smaller, increasing Br, by about 30 % (Fig. 1). Approximately 1/4 of
free tropospheric Br, in the sensitivity simulation can be attributed to SSA debromination,
the dominJurce of Bry in the free troposphere are photochemical oxidation of CHBr3
and inp@ the stratosphere. HOBr is the dominant daytime Br, species. BrCl and
BrNOj; are the dominant nighttime species. Overall, total Br, show almost no diurnal

variability.
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The mean tropospheric BrO concentration in our simulation A is 0.48 ppt (0.96 ppt in
daytime), 50 % higher than Parrella et al. [2012] and more consistent with the observed
range as shown below. The higher BrO/Br, ratio reflects the more efficient multiphase
HBr recycling. HBr accounts for only 6 % of Br, in our simulation, as compared to 34 %
in Parrctduetd. [2012]. Cycling of HBr in our simulation is faster as we include bromide
oxidation @2&" in liquid cloud droplets and by CINOjz and Os, not considered in
Parrella'e@mﬂ. We find that BrNOj3 is a more important Br, reservoir as aqueous-
phase BrN#)s;mhydrolysis in our simulation (7' = 0.02) is considerably slower than in
Parrella et alel2012] (7" = 0.3 for clouds and sea salt and 7’ = 0.8 for sulfate aerosol).

The mog?tudy of Long et al. [2014] found Bry and BrCl to be the dominant tro-
pospheric "™®species globally, and the study of Fernandez et al. [2014] found HBr to
dominate.Eﬁnd HOBr to be the dominant Br, reservoir globally (Fig. 1), except in
the upper@sphere where HOBr formation by the BrO + HO, reaction is suppressed

by low EHOQ (See Figs. S4 and S5). BrCl is the dominant nighttime Br, reser-

voir, pr vy the HOBr+CI~ multiphase reaction, but BrNO3 becomes increasingly
importantgin the upper troposphere due to increasing levels of NO, and lower levels of
HOBr. Br, s no chemical sinks at night and a mean lifetime against photolysis of 20
minutes in ime, thus rapidly returning BrO, radicals following sunrise.

A critﬁiomponent of the mechanism for maintaining elevated BrO levels is the mul-
tiphase oxiedgon of bromide, as pointed out by Parrella et al. [2012], because HBr is
otherwise longglived against gas-phase oxidation (Fig. 1). We find that HOBr is the

dominant ide oxidizer globally. Oxidation by CINOj3 is mostly important at north-

ern mid-latitudes where it is responsible 30 — 40 % of the total bromide recycling (Fig.
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S2). The O3+Br~ reaction dominates in the tropical and subtropical upper troposphere
(> 10km). About 50 % of multiphase bromide oxidation takes place in cloud droplets
with the remainder taking place in sulfate aerosol.

Figure 2 shows the global mean distributions of tropospheric Br, and BrO (simula-
tion A).wlargest in the subsiding subtropics due to the high-altitude source from
organobro@&hotochemistry and the lack of wet deposition. Input from the strato-
sphere i$ ﬁsigniﬁcant source in that region, accounting for most of Br, above 7 km.
BrO is relgki high in the subtropics and in the upper troposphere, reflecting the dis-
tribution o , but also shows different patterns driven by the abundance of HO5. Thus
the high levels of BrO in polar regions reflect low HO, levels pushing the BrO/HOBr
equilibriu ards BrO (Fig. S3) Photochemical equilibrium maintains [BrO]/[Br] > 1
thl"OllghOLE troposphere (Fig. 1) except in the tropical tropopause layer above 15
km WheremBrO] /[Br] ratio decreases to about unity (See SI text and Fig. S4). This
decreas en by low temperatures and low levels of ozone in the tropical upper
troposp pressing the Br+0O3 — BrO+O0O; reaction. This enhancement of Br in
the tropic&lﬂper troposphere was previously identified by Holmes et al. [2006] for its
importang, g(0) oxidation, and is a consistent feature of models [Fernandez et al.,
2014].

The gﬁ%ean distribution Br, and BrO from the simulation B (that includes dehalo-
genation QSic SSA) is shown in Fig. S8. The increase in Br, and BrO from including

SSA in t

SSA dehalogegation is particular strong in the Northern Hemisphere MBL. Simulated
ion tend to be more depleted in bromide (Fig. S9). SSA over Southern

Ocean tend to retain its alkalinity preventing dehalogenation.
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4. Comparison to BrO and HOBr observations

Figure 3 compares the simulated seasonal distribution of tropospheric BrO column
concentrations in different latitude bands to GOME-2 satellite observations of Theys et al.
[2011]. Both observations and model values are for 2007. Simulation A is consistent with
observat“he tropics and at mid-latitudes but too low in polar regions. The previous
GEOS—Ch@ﬁlel study of Parrella et al. [2012] found a ~ 50 % low bias in the tropics.
Theys et @1 1] inferred the vertical profile of tropospheric BrO in the tropics (30°S—
30°N) usi loud-slicing technique and found that over 75 % of the tropospheric BrO
column is gbhgye 2 km. Both simulations (A and B) are consistent with this finding (Fig.
1). Observations in the extratropical northern hemisphere show a summer minimum that
was well s ted by Parrella et al. [2012] as due to seasonality in the SSA source. Our
simulatiormding SSA dehalogenation captures this observed seasonal variation but is

overall to.

Figur ares model results to the total BrO column observed by the OMI satellite

instrum luding the stratosphere) as a function of latitude. The simulated total
BrO colurglicludes GEOS-Chem tropospheric BrO plus GEOSCCM stratospheric BrO
from Lian, [. [2010], that serves as upper boundary condition for GEOS-Chem. We
find close a ent with observations. Tropospheric BrO contributes between 25 % and
55 % of The voval BrO column. Both GEOS-Chem and observations show lowest values
e —

in regions 5pical upwelling, where tropospheric Br, is efficiently scavenged, although
this is exaggergted in GEOS-Chem.

The firs ically resolved detection of tropospheric BrO in the tropical troposphere

was demonstrated by the University of Colorado Airborne MAX-DOAS (CU AMAX-
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DOAS) during the TORERO aircraft and ship campaign over the East Pacific [January
— February 2012; Volkamer et al., 2015]. Model results sampled along all 17 flight tracks
are compared to observations in Fig. 5, separating tropical from subtropical flights. No
BrO was detected in the MBL over the tropical Eastern Pacific. The upper limit BrO
concentmid smaller than 0.5 ppt, the detection limit of CU AMAX-DOAS and Ship
MAX—DO er the open ocean during TORERO [Volkamer et al., 2015], and long-path
DOAS (ﬁatr_vf_aions at Galapagos Island during CHARLEX [Gomez Martin et al., 2013].
BrO incre@rith altitude (0.7 to 1 ppt, between 4 — 8 km) and reaches values of 1 —2.5
ppt in the cr troposphere (8 — 13 km) [Volkamer et al., 2015; Wang et al., 2015].
Simulatio@ matches closely the observed vertical profile in both the tropics and sub-
tropics. I ing SSA debromination, as in simulation B, does not change BrO in the
subtropicsguse the model SSA in that region tends to be alkaline. However, the simu-
lation wit(%re sea salt dehalogenation finds about 1 ppt of BrO in tropical MBL, where
SSA is d to be acidic. Such elevated BrO is inconsistent with the available obser-
vations Martin et al., 2013; Volkamer et al., 2015]. The reason for this difference
is currently not clear, but points to either overestimated sources or missing bromine sinks
over the Pacific ocean. High BrO in the upper troposphere includes a dominant
stratospheri mponent as discussed in Section 3 but also a 30 % contribution from tro-
pospher#phase chemistry involving the O3+4Br~ reaction in ice cloud droplets and
sulfate aeﬂFig. S2). The oxidation of bromide by ozone is particularly important in

are low.

the upper troTSphere because ozone concentrations are high and HOBr concentrations
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A subset of the TORERO BrO observations has recently been compared with models
[Wang et al., 2015]. Notably, the BrO concentration was found to be variable. Slightly
lower BrO was observed during case studies with pollution influences. The BrO con-
centration was generally higher in the pristine free troposphere, see Fig. 10 of Volkamer
et al. [20ammd® account for atmospheric variability, Wang et al. [2015] compared models
with averical and subtropical profiles in the pristine free troposphere, and not
individuﬁl@le case studies. Figure S7 compares the updated model results for the
subset of gasemgtudies evaluated by Wang et al. [2015]. We find close agreement between
model and rvation in the subtropics. In the tropics, the model output for the selected
case studies is very similar to the overall campaign average profile shown in Fig. 5, but
is less suc 1 at reproducing the vertical gradient of BrO observed during these trop-
ical case SE, as manifested by a low bias in the tropical upper troposphere (above 8
km). Wa(g@al. [2015] found good agreement for BrO in the lower stratosphere, and
noted t gence of models to represent bromine sources from SSA in the tropical
upper f sphere. They further suggested missing multiphase chemistry involving

the Og—i-Bs* reaction during deep convective lofting of sea salt aerosols, debromination of

ice cloud Is, or overestimated wet-scavenging by the model as possible reasons for

the elevﬁ() in the tropical upper free troposphere.

5. ImpﬂMns for tropospheric ozone, OH, and mercury

Table 43 the GEOS-Chem global annual budget of tropospheric ozone, with and
Without@n (Br-Cl) chemistry in our simulation A, compared to previous model
studies. The budget of ozone is given as that of odd oxygen (O, = O3 + O + NOq

+ 2NOj3 + peroxyacylnitrates + HNO3 + HNO4 + 3N,;05 + XO + HOX + XNO, +
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2XNOj3; + 2Cl,05 4+ 20CI0O) to account for rapid cycling between O, species. Budget
terms are close to those of Parrella et al. [2012] and in the range of the model literature
[Wu et al., 2007]. Halogen chemistry lowers the global tropospheric ozone burden by
14 %, which is much larger than the 6.5 % found in the previous GEOS-Chem study by
Parrellowdjumadad 2012]. We find that the decrease in ozone is driven by a 10% decrease
in the che@roduetion of ozone due to lower levels of NO,, and a 5.6 % decrease in
the lifetTrEOZOHe due to halogen driven catalytic ozone loss. The finding that the

halogen-dyemgdecrease in tropospheric ozone is caused by decreased NO,-driven ozone

C

production, cgmbined with enhanced ozone destruction is consistent with previous model

S

studies [von Glasow et al., 2004; Parrella et al., 2012; Long et al., 2014].

u

Halogen™®™®en NO, loss takes place by hydrolysis of the halogen nitrates:

XO +NOy + M — XNO3 + M

XNOj3 + HyO(droplet) — HOX + HNOs,

Man

and dec e global burden of tropospheric NO, by about 6 %. Hydrolysis of BrNO3

and CINOg contribute equally to NO,, loss. The rate of halogen driven NO, loss is about

[

one fifth rate of NO, loss by NOy;+OH. The relative decrease in NO, is largest

O

in low-NO,,_areas such as the tropical free troposphere and polar regions (Fig. 6). By

contrast® m=ncreases in continental boundary layers. Here levels of reactive inorganic

{

halogens atively low. The decrease in the level of ozone (and OH) increase the

u

chemical lifetilge of NO,, these regions.

Figure marizes the relative contributions of different processes to ozone destruction

A

in the tropics, where most of global tropospheric ozone loss takes place [ Wang et al., 1998].
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The relative contribution of halogen driven ozone loss increases with altitude because of
increasing BrO, (Fig. 1). Most ozone destruction occurs below ~ 6km (Fig. S6), where
halogen chemistry drives 5 — 15% of ozone loss. As previously found by Parrella et al.
[2012] and illustrated in the lower panel of Fig. 7, Br-catalyzed ozone loss is mainly
driven hysjeaddh formation via the BrO+HO, reaction (87 % of total Br-catalyzed ozone
loss). Ch@_recycling of HOBr is important because it controls the BrO abundance.
Photolyglsklm_e dominant recycling pathway for HOBr (71 %; Fig. 7 lower panel). The
multiphasgaH&Br-+Cl~ reaction drive about 15 % of HOBr recycling, and is an example
of Br—Cl s ized ozone loss. HOBr+Br~ is responsible for 4 % of HOBr cycling, but is
critical for@ cling of bromide. The contribution of pure chlorine chemistry to chemical
loss of OZOQ:mall.

Figure Eﬁ/s annual mean decreases in tropospheric ozone concentrations due to
halogen c@;ry for different regions of the troposphere. The decrease exceeds 10 ppb
in the mid-latitude free troposphere. On average halogen chemistry decreases
the tro w: ozone column by 12% (2 — 7 ppb) in the tropics and 17% (6 — 10 ppb)
at mid-latgtudes. The large ozone decrease in the northern high-latitude free troposphere
is driven 20 — 50 % decreased ozone production in this area due to lowers levels
of NO, (Fi , and to a lesser extent decreased ozone lifetime due to halogen driven
catalytic ozone loss. Halogen chemistry lowers surface ozone between 1 and 8 ppb: The

e

decrease ijllest in the polluted continental PBL where halogen chemistry increases
ozone productign due to increased levels of NO, (Fig. 6).

The p@ halogen driven ozone decrease in the tropics falls within previous model
estimates: The study of Saiz-Lopez et al. [2012] found halogen chemistry (including chlo-
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rine, bromine, and iodine) reduced the tropospheric ozone column by more than 10 % in
the tropics. Long et al. [2014] found halogen (chlorine and bromine) driven ozone de-
creases larger than 20 % in the tropical MBL, and between 15 and 20 % in the tropical
FT. Wang et al. [2015] found that halogen (bromine and iodine) chemistry drive 34 %
of ozone-fii-l/er the over the tropical Eastern Pacific with bromine and iodine each
contributit equally. Todine cycling has been found to contribute to halogen ozone
loss in tﬁeEand dominate in the MBL [Saiz-Lopez et al., 2012; Diz et al., 2013; Wang
et al., 201 rwen et al., 2016]. The GEOS-Chem based study of Sherwen et al. [2016]
found a 9% decrease in the global burden of ozone by introducing iodine chemistry and
a halogen (bromine and iodine) driven loss comparable to this work of 14.4%. Iodine
drove a 7 a~! increase in the O, loss rate and had the greatest proportional effect
in the ME& UT. Sherwen et al. [2016] used the bromine simulation detailed in Par-
rella et al] which results in smaller decrease in tropospheric ozone burden (6.5 %)
than t}Eom chlorine and bromine presented here. The increased BrO concentra-
tions ¢ in this work may impact the Sherwen et al. [2016] simulation through
the coupliﬂgiaction BrO+10. However, Sherwen et al. [2016], notes that the coupling
in their si@ion is weak. Overall, appears that both bromine and iodine have signif-

icant impa tropospheric composition and a coupled CIl-Br-I simulations with state

of the sCience representations of the emissions, processing and deposition of the halogens

th

is require aluate the full impact.

U

Previous studies have shown clear evidence for bromine-catalyzed ozone loss in obser-

A

vations o ce ozone in Arctic spring [Barrie et al., 1988] and over the ocean [Read

et al., 2008]. Evidence of halogen chemistry in free tropospheric ozone observations is
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more elusive because the chemical time scales are longer and effects may be masked by er-
rors in transport, lightning NO,, emissions, or other chemical aspects. Figure 9 compares
GEOS-Chem (simulation A) with and without halogen chemistry to mean ozonesonde
observations in five latitudinal band [Hu et al., manuscript in preparation, 2015]. Halo-
gen Cherﬁ'hy-'owers ozone and improves agreement with observation in the tropics and
at mid—la. At Northern high-latitudes (> 50°N) the no halogen chemistry simu-
lated ozgnEﬁle shows very close agreement with observations and the simulation with
halogen chgmigtry is biased low.

We find that halogen chemistry lowers global tropospheric HO, concentrations by 5%
and OH m% (Fig. 10). The effect on OH is much larger than the 4% decrease
predicted grrella et al. [2012]. The decrease in HO,, largely follows from the decrease
in ozone. Gdition, halogen chemistry decreases the OH/HO, ratio by ~ 10% in the
tropics a{@@% at high latitudes: Decreased levels of NO, results in a diminished
OH-sou HO5+NO, and the added OH-source from HOBr photolysis is too small
to com The model study of Long et al. [2014] also found halogen chemistry to
decrease ‘EMH/ HO, ratio. The relative decrease in OH is largest at high-latitudes
(~ 30 %; =g C) however the absolute change in OH between the simulation with and
without ha peaks in the tropical free troposphere. The lower OH concentration in
our simng i)rolongs the lifetimes of methane against tropospheric oxidation by OH by

16 % to 9 rs, better matching the current best observational estimate of 11.2 + 1.3

years [Prathergt al., 2012].
Brom@nis‘cry may also have implications for the atmospheric lifetime and de-

position of mercury. The Br atom, which cycles photochemically with BrO, is thought
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to be the the main atmospheric oxidant of Hg(0) [Goodsite et al., 2004; Holmes et al.,
2006, 2010]. Using the Hg oxidation mechanism of Holmes et al. [2006] and the Br fields
of our simulation A we estimate a global mean atmospheric lifetime of 6 months for Hg(0)
against oxidation to Hg(II) by Br. This is consistent with observations of Hg(0) atmo-
spheric gufssals implying a lifetime of 0.5—2 years against deposition [Slemr et al., 1985],
which Wonger than the lifetime of Hg(0) against oxidation if atmospheric Hg(II)
reductio‘n@ place [Holmes et al., 2010]. A major difference between our results and
those of I—tljs et al. [2010] and Parrella et al. [2012] is that our simulated Br concen-
trations ar ch lower over the Southern Ocean due to suppression of Br, release from
sea salt, so that mercury deposition in that region is lower. Using the more recent Dibble
et al. [201 chanism as implemented in GEOS-Chem by Horowitz et al. [manuscript
in preparﬁ 2015] with our halogen fields (Br, BrO, Cl, and ClO), we find a global

atmosphe(c@time of 3 months for Hg(0) against oxidation to Hg(II).

We used recent aircraft observations of BrO in the tropical and subtropical atmosphere,
together vhatellite observations, to improve our understanding of global tropospheric
bromine cQtry and its implications. The observations point to higher background
Concentra£ons of BrO in the free troposphere than have been simulated by past models.

SustaiMe high levels of BrO seen in the observations requires rapid recycling of
bromine rEs (BrO, =Br+BrO) from the pool of non-radical Br, reservoirs. This can
be achi@ough multiphase chemistry in aerosols and clouds. We followed recommen-
dations from TUPAC [Ammann et al., 2013] by implementing into the GEOS-Chem global

chemical transport model (CTM) an ensemble of multiphase halogen reactions including
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oxidation of HBr/Br~ by HOBr, CINOj, and ozone in aerosols as well as liquid and ice
clouds. This involved the addition of tropospheric chlorine chemistry in GEOS-Chem,
enabling a broader examination of coupled Br—Cl chemistry. It also involved coupling
of bromine chemistry to a dynamic simulation of sea salt aerosol (SSA) alkalinity since
release oﬂworomide requires an acidified aerosol. The SSA-driven source of bromine
radicals w included in the standard simulation (A) but was examined in a sensitivity
simulam.OIE

Results tbthe updated GEOS-Chem simulation indicate a global mean tropospheric
BrO conceptgation of about 1ppt in the daytime. Most of this BrO is in the free tro-
posphere v@ its main source is from oxidation and photolysis of marine biogenic bro-
moform ( 3). Stratospheric input also contributes in the upper troposphere. The
dominant Gine reservoirs are HOBr in the daytime and BrCl at night, reflecting the
rapid recf HBr in cloud and sulfate aerosol. Debromination of SSA improves BrO
observaEthe marine boundary layer over the Western Pacific, but presents a chal-
lenge to ale model predictions with observations of low BrO in the marine boundary
layer over&ropical Eastern Pacific.

Our si BrO concentrations are consistent with GOME-2 and OMI satellite col-
umn obseryations in the tropics and mid-latitudes, and corroborate cloud-slicing analysis
and aircg;rvations indicating that most tropospheric BrO is in the free troposphere.
We find t e troposphere accounts for over half of the total (troposphere + strato-
sphere) BrO cglumn in the subtropics. The model reproduces the increase of BrO with

altitude 1 ERO aircraft observations over the subsiding Southeast Pacific.
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Halogen (bromine-chlorine) chemistry as implemented in our simulation decreases the
global burden of tropospheric ozone in GEOS-Chem by 14 % (2 — 7 ppb in the tropics and
6 — 10 ppb at mid-latitudes). This reflects a decrease in chemical production of ozone by
10% (due to halogen-driven NO, loss) and a shortening of the ozone lifetime by 5.6 %
(due to Myzed ozone loss). In most of the troposphere, halogen chemistry decreases
NO, level@gh formation of halogen nitrates followed by hydrolysis to HNOj3. In
polluted” b@ary layers, however, halogen chemistry increases NO, levels by decreasing
OH. Thusgnakggen chemistry decreases mean surface ozone concentrations in the US by
only 2 — 6 ppk, and increases the relative importance of regional pollution from domestic
NO, sources vs. transported background ozone. Halogen chemistry lowers global mean
troposphe concentrations by 11 %, driven by decreases in both ozone and NO,.. The
resulting rmne lifetime against oxidation by tropospheric OH in GEOS-Chem increases
by 16 % t@years, improving the agreement with current best estimates. The global

mean agﬂc lifetime of elemental mercury Hg(0) against oxidation to Hg(II) by Br

atoms i hs, within the observational constraints. Alkaline SSA over the Southern

Ocean implies that Br atom concentrations should be relatively low there, suppressing

Hg(I1) de@n.
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Tablegl. lobal sources of reactive inorganic halogens to the troposphere.

t

Q Br, / GgBra=! Cl, / GgCla™!
- o Sca salt® (1620) (6050)
— Organohalogens®
O CH3X 91 2350
w CH:X, 55 483
D CHXq 404 262
Stratosphere 49 407

1

# Release of inorganic bromine and chlorine from sea salt as included in simulation B

a

(see te

or Cl.

Author M
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Table 2. Reactive uptake coefficients for halogen multiphase hydrolysis.*

Reaction Reactive uptake coefficient

BrNO3 2% HOBr + HNO3 ' = (1/T + 1/ay)

I'y = 0.03; o, = 0.063

! CINO; 9 HOCI + HNO3 4 = (1/Ty + 1/ay)~?

Q_ T, = 0.03: a, = 0.11

@ Parameters from Ammann et al. [2013] unless otherwise stated. 7' is defined implicitly
N

from Eq. ;Q,-md is equal to the reactive uptake coefficient () when gas phase diffusion
is not lim@ ap and I'y are the mass accommodation coefficient and the bulk reaction

coefficien ectively. The previous GEOS-Chem study [Parrella et al., 2012] included

S

BrNOj3 hydrol¥sis with 7/ = 0.3 for sea salt and liquid cloud droplets and 0.8 for sulfate

aerosol. (E is estimated from observed 4’ reported by Deiber et al. [2004].

Author Ma

DRAFT September 10, 2016, 11:11pm DRAFT

This article is protected by copyright. All rights reserved.



SCHMIDT ET AL.: MODELING THE TROPOSPHERIC BRO BACKGROUND X -39

Table 3. Reactive uptake coefficients for multiphase oxidation of halide ions.*

Reaction Reactive uptake coefficient

HOBr + Br~ + HT — Bry + HoO ' = (1/Ty + 1/ap) !

Fb = 4 HHOBr RT lT kbulk [Bl"i] [H+] f(I', lr)/C

H lr = \/Dl/(kbulk [BI“_] [H+]), ap = 0.6

*Q_ ko = 1.6 x 10°M 271 Dy =14 x 107° em®s™!

HOB® w=sam . 1+ . BrCl + HyO ' = (1/Tp + 1/ap) 7t

Fb =4 HHOBr RT lr kbulk [Cli] [H+] f(l", lr)/C

l, = /Di/ (kpur [CU] [H]); g = 0.6

SCI

kpux = 5.9 x 10°M2s71: D; =14 x 107° cm?s™!

CINO;;E — BrCl + NOj v =1/ +1/ap)!

I'y=4W RT /[Br~]D/c; «=0.108

D; =50 x 107 %cm?s™t; W = 10° VMsbar '

O3 HOBr + OH™ + Oy, ~' =T+ 1T,

Fb =4 H()3 RT lr kbulk [Br_] f(r, lr)/C

I, = \/Dl/(kbulk [BI'_]), D; =8.9 x 1075 cm? st
kpuk = 6.3 X 108M~1s7t exp(—4450K/T)
s = (4 ke [Br™ (surf)] Kpange Nimax)/ (Cavg (1 + Krangc [Os(2)]))

[Br~(surf)] = min(3.41 x 10 ecm ™M~ [Br7], Nyjax)

ithor Man

ks =107 cm?s™; Kpange = 107em?; Nypax = 3.0 x 10Mem ™2

* Pagadaglers from Ammann et al. [2013] unless otherwise stated. The previous GEOS-

Che v [Parrella et al., 2012] included multiphase HOBr+HBr with 1/ = 0.2 for sea

A

salt and sulfate aerosol, and 0.1 for ice cloud droplets. k. for HOBr+Br~ is taken from
Beckwith et al. [1996]. For sea salt aerosol HOBr+Cl~ is assumed to be limited by mass

accommodation or gas phase diffusion kinetics.

DRAFT September 10, 2016, 11:11pm DRAFT

This article is protected by copyright. All rights reserved.



X -40 SCHMIDT ET AL.:. MODELING THE TROPOSPHERIC BRO BACKGROUND
[trim = Omm 15mm Omm Omm, clip, width=8.0cmlfig;gr/2015jaX — pOla.eps

[trim = Omm Omm Omm Omm, clip, width=7.5cmlfig;gr/2015jaX — p0lb.eps

Figure 1. Global model budget and speciation of reactive tropospheric inorganic
bromine (Br,) for the simulation not including dehalogenation of sea salt aerosol (simu-
lation A:I Ugger panel: Global annual mean inventory and cycling of Br, species in the
troposphes are in GgBra™!, inventories are in GgBr, and numbers in brackets
are meaw wmmemo ratios (ppt). Green arrows represent multiphase reactions. Arrow thick-
ness scalem rate. Read 1.2(4) as 1.2 x 10*. Daytime concentrations of BrO and Br
are abothe the indicated values because nighttime concentrations are near zero (this
approximmis not valid at high latitudes during winter and summer). Lower panel:
Vertical pmof Br, speciation during daytime (7:00-19:00) and nighttime (19:00-7:00)
in the trdpics. Values are annual mean mixing ratios in the 22°S — 22°N latitude range.

The overacwelope gives total Bry. The orange and dark blue slivers denote BrNO, and

Brs, re y. The dashed line shows total Br, from the simulation including SSA

dehalo lon (simulation B).

[trim = 0 mm Omm Omm, clip, width=8.5cm]fig;gr/2015jaX — p02.eps

Figure 2. imulated annual mean global distributions of tropospheric Br, and BrO.
Multiph-c‘oncentrations by a factor of 2 for daytime values (this approximation is
not Vali‘d-'zﬁi' h latitudes during winter and summer). Top panels: mean tropospheric
mixing raﬁBo‘ctom panels: zonal mean mixing ratios as a function of altitude and
latitude® e tropopause is shown as dashed line. Results are for the simulation not

including dehalogenation of SSA (simulation A).
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[trim = Omm Omm Omm Omm, clip, width==8.5cmlfig;gr/2015jaX — p03.eps

Figure 3. Seasonal variation of zonal mean tropospheric BrO columns in different
latitudinal bands. 2007 observations from the GOME-2 satellite instrument [ Theys et al.,
2011] are compared to GEOS-Chem values (simulation A) at the GOME-2 local overpass
time {9" 0 g 0:00). Columns obtained from the simulation including SSA dehalogenation

are sho@:yan.

-

[trim = Omm Omm Omm, clip, width=8.5cm|fig;gr/2015jaX — p04.eps

Figure ™™ Global distribution of the total annual mean BrO column includ-
ing thewosphere and stratosphere. 2007 observations from the OMI satellite in-
strumemtp :/ /disc.sci.gsfe.nasa.gov/Aura/data-holdings/OMI/ombro_v003.shtml) are

compard to tropospheric GEOS-Chem values (simulation A) for the OMI overpass time

A

(13:00 tﬂO local time) together with stratospheric values from GEOSCCM used as up-
per condition for GEOS-Chem [Liang et al., 2010]. The left panel separates the

contri ons from the troposphere and stratosphere to the total GEOS-Chem column.

Author M
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[trim = Omm Omm Omm Omm, clip, width==8.5cmlfig;gr/2015jaX — p05.eps

Figure 5. Mean vertical profiles of BrO concentration over the Southeast Pacific. Day-
time aircraft observations from the TORERO campaign (January-February 2012; black
cross) are compared to GEOS-Chem values (simulation A) sampled along the 17 flight
tracks (reﬂ sg}'are). Also shown are results from model sensitivity simulations including
SSA dehion (simulation B; cyan triangle), without the aqueous phase Oz+Br~
reactiomm (mmwem asterisk), and without multiphase halogen chemistry (gas-phase chemistry
only; blue%re). The observed BrO in the MBL was below the instrument detection limit
of about (g

t. The right panel shows the TOREROQO flight tracks superimposed on the

model diswion of daytime tropospheric mean BrO mixing ratios for the flight period.

U

Table 4mobal tropospheric ozone budgets in GEOS-Chem (simulation A).*

This study No halogen

Sources (Tga™!)
Chemistry 4964 5513
Stratosphere 515 510

Sinks (Tga™')

Chemistry 4500 4926
Deposition 979 1097
Burden (Tg) 329 383
Lifetime (days) 21.9 23.2
a T ne budget is defined that of odd oxygen (see definition of O, in text). The

Author Ma

burden, production and loss rates are given in Oz equivalent masses. Non-ozone O,

contribute less than 1% of the burden.
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[trim = Omm Omm Omm Omm, clip, width==8.5cmlfig;gr/2015jaX — p07.eps
Figure 6. Effect of halogen chemistry in GEOS-Chem on the global annual

NO, levels, ozone production, OH levels, and methane loss. The effects are given as
((X)nohat — (X)ac)/ (X )nohal, where (X)ponal is concentration of X from the simulation
withoua halggen chemistry and (X)gc is from our GEOS-Chem reference simulation with-
out @ alogenation (simulation A). Panel A: color contours show relative change in
NO, mBiwsimcontours show GEOS-Chem NO, mixing ratio (ppt). Panel B: color contours
show reEﬁe change in chemical ozone production. Black contours show GEOS-Chem

ozone p ction rates (cm™3s™1), read 5.5 as 10°°. Panel C: color contours show relative

change m’ Black contours show GEOS-Chem OH concentration (cm™3), read 6 as 10°.
Panel [B)ur contours show relative change in methane loss rate. Black contours show

GEOS-Lhem methane loss rate (a™!).

O

= Omm Omm Omm Omm, clip, width==8.5cm|fig;gr/2015ja X — p08a.eps

[trim = 25mm Omm Omm, clip, width=8.5cmlfig;gr/2015jaX — p08b.eps

Figure 7. Effect of halogen chemistry on the global annual tropospheric ozone bud-

[

get. Theagzone budget is defined that of odd oxygen (O, = O3 + O + NO; + 2NOg3

+ peroxy®ylnitrates + HNO3 + HNO4 + 3N,05 + XO + HOX + XNOy + 2XNO3 +

h

Cl,0 10) to account for rapid cycling between O, species. Upper panel: Rela-

tive contributions of different processes to O, loss in the tropics (22°S to 22°N). Lower

UL

panel: ays for bromine-catalyzed ozone loss. Rates are in GgBra™! (Global annual
avera
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[trim = Omm Omm Omm Omm, clip, width==8.5cmlfig;gr/2015jaX — p09.eps

Figure 8. Effect of halogen chemistry on global tropospheric ozone concentrations.
Values are annual mean differences between GEOS-Chem simulations not including vs.
including halogen chemistry: Aozone is ozone from simulation with no halogen chem-
istry min}ls ozgne from simulation A. Top panel: zonal mean difference. Middle panel:

diﬂerence@ospheric mean. Bottom panel: difference in surface concentration.

-

[trim = Oyfm™mm Omm Omm, clip, width=8.5cm|fig;gr/2015jaX — p10.eps

Figure 9. Annual average vertical profile from ozonesonde observations for 5 zonal
bands corwd to model ozone from the current simulation and a simulation with no
halogen cmtry. N and N, are the number of sites and profiles, respectively, included

in the avdfaging. The location of the sites is giving the supporting information.

[trim = mm Omm Omm, clip, width=8.5cm|fig;gr/2015jaX — pll.eps
Figur ® __The global annual average GEOS-Chem budget of HO, (OH and HO,)

Ma

simulated with (simulation A) and without halogen chemistry.
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Tropospheric BrO column: seasonal variation
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Total atmospheric BrO column: annual average
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