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produced rapidly from deliquesced NaBr aerosols in the presence of OH radicals produced by ozone
irradiated by UV light. The mechanisms responsible for the “bromine explosion” are examined using a
comprehensive chemical kinetics Model of Aqueous, Gaseous, and Interfacial Chemistry (MAGIC). A
sensitivity analysis on the model confirms that a complex mechanism involving gas-phase chemistry,
aqueous-phase chemistry, and mass transfer is responsible for most of the observed bromine. However,
the rate-limiting steps in the bromine explosion pathway vary, depending on the availability of ozone
and bromide in the system. Interface reactions, an important source of bromine production under dark

Keywords:
Bromide oxidation
Sensitivity analysis

Sea-salt aerosol conditions, account for only a small fraction of total bromine under irradiation. Simulations performed
Aerosol modeling with gaseous ozone and aerosol bromide concentrations typical of the marine boundary layer also show
Interface chemistry Bry(g) production, with BrO(g) and HOBr(g) as the dominant Br-containing products through this mech-

anism. Aerosol bromide is depleted after several hours of daylight, with photolysis of BrO(g) and HOBr g
becoming major sources of Br atoms that continue generating Bryg) after aerosol bromide is depleted.
© 2014 Elsevier Ltd. All rights reserved.
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Jacob, 1992; Sander and Crutzen, 1996; Vogt et al., 1996; Barrie and
Platt, 1997; Foster et al., 2001; Bottenheim et al., 2002; Spicer et al.,
2002; Tarasick and Bottenheim, 2002; Sander et al., 2003; Simpson
et al., 2007; Piot and von Glasow, 2008; Liao et al., 2012) and over
salt lakes and dry lake beds (Hebestreit et al., 1999; Matveev et al.,
2001; Stutz et al., 2002; Honninger et al., 2004; Tas et al., 2006;
Smoydzin and von Glasow, 2009). ODEs are often characterized
by a rapid drop in the concentration of ozone and a simultaneous
rise in concentration of reactive gas-phase bromine compounds,
such as Bry, BrO, and BrCl. Bromine chemistry is known to be key in
the onset of ODEs in these regions and sea-salt, either on the snow
pack or in particles, is believed to be the source of bromine. How-
ever, the exact mechanisms that convert bromide ions to gaseous
bromine compounds are unclear (Simpson et al., 2007; Piot and von
Glasow, 2008; Smoydzin and von Glasow, 2009; Abbatt et al., 2012;
Pratt et al., 2013).

Less severe ODEs also occur in the marine boundary layer over
mid-latitude oceans, particularly during sunrise (Dickerson et al.,
1999; Nagao et al., 1999; Galbally et al., 2000). Halogens released
from sea-salt aerosols, especially bromine, are thought to be the
main cause of these smaller ODEs (Sander and Crutzen, 1996; Vogt
et al,, 1996). Sea-salt aerosols are the major source of inorganic
bromine in the marine boundary layer, although other sources may
be important locally (Sander et al., 2003).

Many laboratory studies have examined the release of gaseous
bromine species from particles or solutions containing bromide
(Finlayson-Pitts and Johnson, 1988; Finlayson-Pitts et al., 1990;
Berko et al., 1991; Hirokawa et al., 1998; Oum et al., 1998a,b; Behnke
et al., 1999; DeHaan et al., 1999; Anastasio and Mozurkewich, 2002;
Hunt et al., 2004; Frinak and Abbatt, 2006; Clifford and Donaldson,
2007; George and Anastasio, 2007; Oldridge and Abbatt, 2011;
Buxmann et al., 2012). Hirokawa et al. (1998) found that “almost
deliquesced” NaBr particles placed on a glass filter produced Bry(g)
when exposed to both ozone and water vapor. Interestingly, no
significant differences were observed in Bry) production when a
Xe arc lamp (with an optical filter to remove wavelengths <290 nm)
illuminated the system, even though Bryg) readily photolyzes under
actinic conditions (Finlayson-Pitts et al., 2000). Anastasio and
Mozurkewich (2002) reported that Bryg) formed when bromide
was deposited onto a glass surface and exposed to ozone, and that
the rate of Bryg) formation is faster in the presence of UV light
(254 nm) than in the dark. However, observed concentrations of
Bryg) were orders of magnitude greater than expected based on
known aqueous- and gas-phase chemistry. Recently, Zetzsch and
coworkers reproduced the “bromine explosion” observed in the
Arctic using an environmental chamber and dry NaCl/NaBr samples
at sea water proportions, and showed that at high relative humid-
ities (>60%) the O3 loss was greater than expected based on known
halogen chemistry (Buxmann et al., 2012). Hunt et al. (2004) found
that deliquesced NaBr aerosols in the dark produced Bry() in the
presence of ozone. In that study, a two-phase kinetics Model of
Aqueous, Gaseous, and Interfacial Chemistry (MAGIC) was utilized
to examine the mechanisms of bromine formation. As in Anastasio
and Mozurkewich (2002), known aqueous- and gas-phase chem-
istry significantly underpredicted observed Bry) concentrations.
Hunt et al. (2004) reported that model predictions matched
experimental measurements only when a heterogeneous reaction
between gaseous ozone and bromide residing at the aerosol surface
was included in MAGIC,

_ 1 _
O3(g) + Br(surf) _’iBrZ(g) + O3(aq)- (1)

Molecular dynamics simulations by Jungwirth and Tobias
(2002) and Hunt et al. (2004) showed that both bromide and

ozone can reside at the surface of deliquesced NaBr aerosols,
allowing such a reaction to occur in the dark. Nissenson et al.
(2009) probed the sensitivity and uncertainty from various indi-
vidual steps that lead to Bry formation in the dark and for one
limited set of conditions during irradiation.

In the presence of water vapor, photolysis of ozone produces
hydroxyl radicals (Seinfeld and Pandis, 1998) that are known to
oxidize bromide ions (Zehavi and Rabani, 1972). The present study
extends the work by Hunt et al. (2004) by investigating how the
production of OH affects bromine production from deliquesced
NaBr aerosols. Previous studies have suggested that a reaction be-
tween OH(g) and chloride ions occurs at the surface of NaCl aerosols
(Finlayson-Pitts et al., 2000; Knipping et al., 2000; Knipping and
Dabdub, 2002; Laskin et al., 2006). Since bromide ions are more
enhanced at the surface than chloride ions (Jungwirth and Tobias,
2001, 2002; Ghosal et al., 2005; Guzman et al., 2012) an analo-
gous surface reaction between OH(g) and bromide seems likely,

1
OH(g) + Bl‘(surf) —>2Br2(g) + OH@q). (2)

Initial modeling studies by Thomas et al. (2006) and Nissenson
et al. (2009) suggested that gaseous bromine production via reac-
tion (2) is much slower than production due to aqueous-phase
processes. However, these simulations were not benchmarked
against specific experimental data under well-defined conditions.
The purpose of the present study is to integrate the results of ex-
periments with modeling in a quantitative manner in order to
define the most important aspects of the chemical and physical
mechanisms responsible for the observed “bromine explosion.”
This integrated modeling and experimental approach allows for the
observation of changes in rate-limiting steps as a function of time
as reactants are depleted, as well as examination of rate-limiting
steps under different initial conditions.

In this study, deliquesced NaBr aerosols are exposed to ozone,
water vapor, and UV light from low pressure mercury lamps (pri-
marily 254 nm) to generate OH radicals. The total aerosol surface
area and liquid volume is varied among experiments, changing the
availability of bromide in the system. In all experiments, both BrO
and Bry production increase rapidly upon photolysis. The MAGIC
model is used to simulate four typical experiments with a wide range
of initial conditions. There are three major improvements in the
modeling methodology and analysis of modeling results compared
to Nissenson et al. (2009): (1) The NaBr aerosol size distribution,
initial concentration of chemical species, and photolysis rate con-
stants used in the simulations for the current study are based on
measurements from chamber experiments, while Nissenson et al.
(2009) used hypothetical chamber conditions in their simulations;
(2) In the current study, measured concentrations of Bry(g), BrO(g),
and Os(g) provide a check on the model results, while Nissenson et al.
(2009) only attempted to achieve qualitative agreement between
simulations and unpublished data from chamber experiments; (3)
Lastly, the current study examines the time-dependence of rate-
limiting steps in the bromine explosion mechanism and de-
termines their contribution to model uncertainty during the entire
illumination period, while Nissenson et al. (2009) only examined
these quantities at the time of peak Bry(g) concentration.

Global sensitivity and uncertainty analyses are conducted on
MAGIC to determine the important chemical and physical pro-
cesses causing the observed bromine explosion and to identify the
input parameters (e.g., chemical reaction rate constants, mass ac-
commodation coefficients, etc.) that contribute the most uncer-
tainty in the model output. Other studies have also used a
combination of Monte Carlo sampling and linear regression tech-
niques to gain insight into the production of important species from
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chemical mechanisms (Derwent and Hgv, 1988; Gao et al., 1995,
1996; Rodriguez and Dabdub, 2003; Nissenson et al., 2008, 2009).
The sensitivity analysis presented here uses Latin Hypercube
sampling, an efficient form of Monte Carlo sampling, to vary all
input parameters over their full range of uncertainties (McKay et al.,
1979). Multiple linear regression is used on the model output to
identify the rate-limiting steps in Bry) formation from the NaBr
aerosol. The sensitivity analysis also establishes uncertainty ranges
for the model output that are compared with the observed Bry(g),
BrO(g), and O3 concentrations. The results of the uncertainty
analysis expose the parts of the bromine explosion mechanism that
have the greatest impact on model performance and chemistry.

Finally, additional simulations are conducted using conditions
similar to those found in the remote marine boundary layer in order
to examine how the rate-limiting steps in Bry(g) production in the
real atmosphere may differ from the rate-limiting steps in the
experiments.

2. Methodology
2.1. Experimental

Aerosol experiments are conducted in a stainless steel and
aluminum 561 L chamber described in detail elsewhere (DeHaan
et al,, 1999). Briefly, the top panels of the chamber hold quartz
windows for photolysis using low pressure Hg lamps
(Amax = 254 nm) and the chamber is evacuable to <1072 Torr using a
dry pump (Busch, Cobra DS252). All experiments are initiated by
adding air (Scott-Marrin, Riverside, CA; ultrapure, NOx < 0.001 ppm,
SO, < 0.001 ppm; THC < 0.01 ppm; CO < 0.01 ppm) to the chamber
to pressures of 680—720 Torr and adjusting the relative humidity
(RH) to 65—71% (Vaisala, HMP432) by passing some of the air
through a water bubbler (Barnstead, >18.0 MQ cm). Polydisperse
NaBr particles are added by flowing N, (Oxygen Services Co.,
99.999%) through an atomizer (TSI, model 3076) containing a so-
lution of 1% (w/w) NaBr (Alfa Products, Ultrapure) and then through
a diffusion dryer into the chamber. A gaseous mixture of O3 in O3 is
generated using an ozonizer (Polymetrics, model T-816) and a
known volume is flushed in with dry air to a final pressure of
~ 765 Torr through a glass tube centered in the chamber that con-
tains small holes to aid mixing. At that time the first dark period of
the experiment begins, lasting 40—60 min before the UV lamps are
turned on. After a UV period of ~10 min, the lamps are turned off
and the second dark period of the experiment begins. The RH re-
mains above the deliquescence point of NaBr (DRH = 58%) for the
entire experiment to sustain the aqueous phase of the NaBr aerosols.

All inner metal surfaces are coated with halocarbon wax
(Halocarbon Products Inc., Series 1500) to minimize wall reactivity.
To remove salts and products from previous experiments, the
chamber walls were cleaned frequently with Nanopure water. The
frequency of cleaning needed was determined using the following
procedure. NaBr particle experiments were alternated with control
experiments in which only O3g) and humid air (no NaBr aerosol)
were exposed to UV radiation. Bryg) measurements from several of
these alternating experiments showed that wall reactions did not
contribute significantly to gaseous Bry until at least four NaBr
particle experiments had been conducted without cleaning the
chamber. Bry) measured in control experiments was considered
significant if it was >10% of the peak Bry) measured in a NaBr
particle experiment. Of the four experimental cases presented here,
three were carried out in a freshly cleaned chamber and the fourth
case had only one NaBr aerosol experiment performed before it.
Additional details regarding control experiments can be found in
Supplementary Material.

The relative importance of OH loss to NaBr particles versus OH
loss to the chamber walls is also compared by examining the total
available surface area of the particles and walls, and the reaction
probability of the particles and walls with OH. The surface area of
the chamber walls is 4 x 10 cm?, while the total particle surface
area is 84—580 cm? for cases A—D (calculated using data from
Table 1 and taking into account the 561 L chamber volume). Mea-
surements of OH loss on halocarbon wax-coated surfaces have been
reported in many studies (Burrows et al., 1984; Sridharan et al.,
1984; Boodaghians et al., 1987; Hsu et al., 1987; Bertram et al.,
2001), including from this laboratory (Ganske et al., 1991;
Finlayson-Pitts et al., 1992; Ganske et al., 1992). In the fast flow
discharge tube with a 1” inner diameter used in this laboratory, an
average first order rate constant of 5 s~! was measured, which
correlates to an uptake probability of y = 2 x 10~ for OH on
halocarbon wax. In comparison, the overall surface reaction prob-
ability for OH with NaBr aerosol particles in this study is y = 0.5
(Supplementary Table 2). Taking into account the surface area of
the particles and walls, as well as the reaction probability of OH
with the particles and walls, the rate of OH loss to the particles is 5—
35 times larger than the loss to the chamber walls for cases A—D
based on laboratory measurements. As discussed in the Supple-
mentary Material, this is an overestimate of the contribution from
wall reactions because particle surfaces are more readily available
to OH throughout most of the chamber volume.

In situ measurements of gas-phase species are conducted using
two sets of White cell optics (White, 1942) located inside the
chamber for collection of infrared and UV—visible spectra, both
with total path lengths of 52.5 m. FTIR spectra (Mattson, Infinity
60AR) are collected continuously at 0.5 cm™! resolution to measure
gaseous O3 and CO,. UV—visible spectra also are collected contin-
uously using a high pressure Xe arc lamp light source (Oriel, 75 W,
model 6263), a spectrometer (Jobin-Yvon, Spex, model HR460) with
a holographic grating blazed at 330 nm with 1200 grooves mm™,
and a 1024 channel photodiode array detector (Princeton In-
struments, model PDA-1024). The UV-absorbing gases BrO and O3
are detected and quantified in the range 290—330 nm using dif-
ferential optical absorption spectroscopy (DOAS) techniques
(Gomer et al., 1995; Stutz and Platt, 1996; Platt and Stutz, 1998).

Aerosol distributions are measured three or more times during
the initial dark period and again at the end of the UV period using a
scanning mobility particle sizer (SMPS; TSI, model 3071) with a
condensation particle counter (CPC; TSI, model 3025A). Median
electrical mobility aerosol diameters observed during the dark
periods are in the range of 160—260 nm (¢ = 1.7—1.8).

Gaseous Bry is measured using a dual quadrupole atmospheric
pressure ionization mass spectrometer (API-MS, Perkin—Elmer
Sciex, API 300) in negative ion mode. Specific detection of Bryg) is
achieved by operating each quadrupole at a fixed mass, with the
molecular ion m/z 158 (7°Br3) selected in the first quadrupole and
its fragment at m/z 79 ("°Br™) in the second quadrupole resulting
from collisional dissociation. Additional scans are collected where
the first quadrupole is scanned from m/z 30—500 and the second
quadrupole passes all ions to verify the isotopic patterns of Bry(g),
i.e,, a ratio of peak intensities of 1:2:1 at m/z 158, 160, and 162. In
each experiment, API-MS samples are passed for 2—3 min through
an annular denuder (URG Corp.) coated with K,CO3s (EM Science,
>99.0%) and glycerol (EM Science, 99.5%) to remove halogen gases.
Any signal from the remaining aerosols accounts for background
Br;, formed in the API-MS corona discharge and is subtracted from
the total Br; signal to yield the signal for gaseous Br,.

While sampling with SMPS and API-MS, a small port on the
chamber is opened to a collapsible Teflon chamber containing pure
air at the same RH. This reservoir enables sampling without
changing the overall chamber pressure. Sample flow rates into
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Table 1
Comparison of initial conditions used in the MAGIC simulations.

Units Chamber experiments Nissenson et al. (2009)*
Case A Case B Case C Case D MBL case™?

[Braglo” M 5.79 631 6.09 5.92 81x 1073 5.8
[Na*aq)lo* M 5.79 631 6.09 5.92 4.5 5.8
[03¢g)lo ppmv 1.55 1.65 1.66 1.95 0.020 1.5
[COxg)lo ppmv 1.42 3.00 2.53 1.44 394 10
RH % 69.1 65.0 66.7 68.0 80 69
Aerosol:*"

Number concentration 10°#/cm> 3.32 1.74 0.80 0.71 092 x 1074 2.5
Surface area 103 cm?/cm? 1.03 0.42 0.30 0.15 0.13 x 102 0.98
Volume 10~% cm®/cm?® 8.76 3.40 293 1.26 2.06 x 107! 10.7
Median diameter nm 216 186 226 170 440 234

@ Initial Br~ concentration for the MBL case is a modeling calculation reported by Sander and Crutzen (1996) in ambient air at 76% RH.
b Initial Na* concentration for the MBL case is based on Na*/Br~ ratio in sea water and its reported conservation in fresh sea-salt aerosols (Gabriel et al., 2002).
¢ Initial conditions from Nissenson et al. (2009) are not based on experimental observations. A log-normal particle size distribution with a median aerosol diameter of

234 nm and geometric standard deviation of 1.9 is used.

9 Initial [Na'(aq)] and [Br(aq)] in the particles for cases A—D and Nissenson et al. (2009) are based on water activity data of Cohen et al. (1987).

€ Aerosol data for cases A—D are an average of measurements taken at the beginning and end of the photolysis period. Data beyond the upper limit of the size range of the
SMPS are estimated by fitting an exponential curve to the tail of the measured number concentration.

f Aerosol size distribution for the MBL case is calculated from the equations of O’'Dowd et al. (1997), which are derived by fitting a tri-modal log-normal curve to field

measurements obtained in the marine boundary layer and are a function of wind speed. The global average wind speed measured at 10 m over the ocean, 6.64 m s

-1

(Archer and Jacobson, 2005), is used to calculate the aerosol distribution. Sea-salt aerosol size also is a function of RH, which O'Dowd et al. assume to be 80%, a typical value in
the marine boundary layer (Ayers et al., 1996; Fridlind and Jacobson, 2000; Lewis and Schwartz, 2004). Aerosol pH is kept constant at 5 in the MBL case, a value consistent with
sea-salt aerosol pH observed in field measurements (Fridlind and Jacobson, 2000; Pszenny et al., 2004) and used in previous modeling studies (Sander and Crutzen, 1996;

Keene et al., 1998; von Glasow and Sander, 2001; von Glasow et al., 2002).

these instruments are measured to account for dilution and are
used in the kinetics modeling discussed below.

2.2. MAGIC model

MAGIC is a multiphase, chemical kinetics box model used to
determine the mechanisms responsible for the observed bromine
production from deliquesced NaBr aerosols. A detailed description
of the MAGIC model is provided elsewhere (Knipping et al., 2000;
Knipping and Dabdub, 2002; Hunt et al., 2004; Thomas et al.,
2006; Nissenson et al., 2008, 2009). Briefly, MAGIC considers 15
gas-phase species and 34 aqueous-phase species, 9 of which may
be transferred between the two phases (see Supplementary Table 1
for a list of all species). The model contains a comprehensive
treatment of gas-phase, aqueous-phase, and interfacial chemistry,
including 38 gas-phase reactions, 123 aqueous-phase reactions, 9
mass accommodation coefficients, 9 Henry’s law constants, 10
acid—base equilibrium constants, 2 interfacial reactions, and a ki-
netic salt effect parameter. Non-reactive uptake is determined us-
ing Schwartz’s mass transfer model to account for limitations due
to gas-phase diffusion and reactant collisions on the aerosol surface
(Schwartz, 1986). Aqueous-phase diffusion and acid—base equilib-
rium are also considered. Activity coefficients are calculated using
the ion interaction approach and the kinetic salt effect is estimated
using Debye—Hiickel—Brensted equations.

Measurements of the aerosol size distribution obtained from the
SMPS before and after the photolysis period are used to calculate an
average aerosol size distribution for the simulations because the
majority of Bryg) production occurs under irradiation. Aerosol data
beyond the upper limit of the detectable size range of the SMPS are
estimated by fitting an exponential curve to the tail of the
measured aerosol size distribution. The measured particle number
concentrations are summed with the fitted curve values for a total
number concentration ranging from 19 nm to 5000 nm in diameter.
Although in the experiment some aerosol is lost to the chamber
walls and by sampling the chamber contents, the characteristics of
the aerosol distribution (i.e., number concentration, total aerosol
surface area, and total aerosol liquid water content) remain
essentially constant during the simulations. The potential error

introduced into the model by these assumptions is discussed in
Section 3.2.2.2.

There are two physical loss pathways specific to the experiment:
(1) The measurements of Bry(gy and particle concentration require
flowing some of the chamber contents through the API-MS and
aerosol sampling instruments and replacing this flow from the
attached collapsible Teflon chamber of humid air, which dilutes the
air/particle mixture in the chamber. This dilution is modeled as a
first-order loss that decreases gas-phase concentrations (Knipping
and Dabdub, 2002). The rate constant for dilution is calculated from
the chamber volume and the measured flow rate into each in-
strument and is in agreement with O3 concentrations measured
before and after sampling; (2) After the light period, the Bryg)
concentration declines more rapidly than predicted by known gas-
and aqueous-phase chemistry due to wall loss. The loss of Bryg) to
the walls is modeled as a first-order loss with a rate constant
determined by fitting an exponential curve to the measured Bry(g)
data following the UV period. In the sensitivity studies, the mean
wall loss rate is the average from all experiments modeled.

2.3. Uncertainty ranges for input parameters

There are 191 input parameters in MAGIC (gaseous, aqueous,
and interfacial reaction rate constants, Henry’s law coefficients,
mass accommodation coefficients, acid—base equilibrium con-
stants, and a kinetic salt effect parameter) that affect bromine
production to varying degrees. Most of the uncertainty ranges used
in this study were established by Nissenson et al. (2009), with the
notable exceptions of interface reaction (1) and the photolysis rate
constants (see Supplementary Table 2).

This study considers two interfacial reactions between a
surface-bound bromide ion and a gas-phase species A (A = O3 or
OH) in reactions (1) and (2). MAGIC calculates the interface reaction
rate, Rin, using Schwartz’s mass transfer theory (Schwartz, 1986), in
which the interface reaction rate is given by,

2 oar\ !
Rine = (3—Dg+m) {A(g)]v (3)
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where r is the aerosol radius, D, the gas-phase diffusion coefficient,
v the mean molecular speed of Agg), and y the overall surface re-
action probability. In turn, vy is given by,

Y = ¢7'b[Brig)]. 4)

where [Br~ (ag)] is the aqueous-phase bromide concentration, b[Br™
(aq)] is the fraction of the droplet surface covered by bromide ions, ¢
the average number of contacts between gaseous A and surface-
bound Br~ per gas—liquid collision event, and y’ the probability
that surface-bound Br~ and gaseous A will undergo chemical re-
action upon contact. Following Thomas et al. (2006), b and ¢ are set
to 0.07 M~! and 2, respectively, on the basis of molecular dynamics
simulations. Therefore, only ¥’ in Eq. (4) is varied in MAGIC. For the
reaction between Os3(g) and Br sy, the mean and uncertainty
range of Y’ are determined by adjusting this parameter (y’) in all
four experiments during the initial dark period to provide the best
fit to the Bry(g) measurements. The present study calculates that Y’ is
(0.90 + 0.52) x 10~ (all uncertainty ranges reported in this article
are one standard deviation). Using 0.07 M~ 2, and 6 M for b, ¢, and
[Br(ag)l, results in a value of y = (0.76 & 0.44) x 1075, This value is
within the overlapping uncertainty and hence is not significantly
different from y = (1.9 + 0.8) x 10~® reported by Hunt et al. (2004).

No data are available for the value of y’ for reaction (2). However,
it is expected this reaction is at least as fast as the analogous
chloride reaction between gaseous OH and surface-bound CI.
Laskin et al. (2006) report a lower limit for the chloride reaction rate
corresponding to a Y’ of 0.2 (obtained by converting yyet from Laskin
et al. to v/, then dividing by two to account for the uncertainty factor
of two in vyper). Therefore, 0.6 + 0.4 is chosen for Yy’ in reaction (2)
which covers the full range of possible values of v’ (0.2—1.0).

As discussed in the previous section, the loss of gaseous bromine
to the walls of the reaction chamber is determined by a first order
fit to the experimental data. The mean and uncertainty range of this
rate constant are obtained by calculating the average and standard
deviation of the measured wall loss rates from the four
experiments.

Photolysis rate constants are established by examining the rate
of ozone photolysis during experiments in which no aerosol is
present in the reaction chamber. An uncertainty range of 15% is
determined from these blank experiments.

2.4. Latin Hypercube sampling

The Latin Hypercube sampling technique used in this study is
described in detail elsewhere (McKay et al., 1979; Derwent and Hav,
1988; Rodriguez and Dabdub, 2003; Nissenson et al., 2008, 2009).
Briefly, all input parameters are treated as random variables with a
log-normal probability distribution, except for the kinetic salt effect
parameter which has a uniform probability distribution as in
Nissenson et al. (2008). Each probability distribution is divided into
n independent intervals of equal probability, and a single value of
the input parameter is selected randomly from each interval. Then,
for every input parameter, each of the n values is assigned
randomly to one of the n input parameter samples, each of which is
used for a simulation in MAGIC. The number of simulations is
sufficiently large (n = 5000) to ensure reliable analysis; a pilot
investigation found no significant differences in the results from a
doubling of n.

2.5. Sensitivity and uncertainty analyses

The relationship between the input parameters and bromine
production is determined by analyzing the raw output from MAGIC

using multiple linear regression. Each input parameter’s regression
coefficient (;) represents the change in Bry) output per unit in-
crease in that input parameter, with all other input parameters held
constant, at a chosen analysis time. The magnitude of an input
parameter’s regression coefficient is a measure of the sensitivity of
[Bryg)] to changes in that parameter, relative to all other parame-
ters. The value of § is calculated at different times to examine how
the sensitivity of Bryg) output to different chemical and physical
mechanisms evolves during the simulations.

Multiple linear regression assumes that the input parameters
are independent of each other and that the gaseous bromine con-
centration is linearly dependent upon the input parameters over
their range of uncertainties. The regression coefficients are
assumed independent of the input parameter’s uncertainty ranges
only in the asymptotic (infinite-sample) limit, which is accounted
for here by a large sample of simulations.

The contribution that input parameter i makes to the variance of
the peak bromine concentration is given by u; in the error propa-
gation formula,

(Jiﬁi/xi*)z

U = ————— x 100%, (5)
k-1 (‘Tkﬁk/xk>

where x,.* and ¢; are the mean and standard deviation of input

parameter i, respectively.

The reader is referred to Nissenson et al. (2008) and Nissenson
et al. (2009) for a detailed explanation of how the regression co-
efficients are calculated and for additional details regarding the
error propagation.

3. Results
3.1. Chamber experiments

In the chamber experiments, deliquesced NaBr aerosols are
exposed to ozone and UV light. Aerosol properties, such as total
aerosol surface area and total aerosol volume, are varied to study
how changes in the availability of bromide in the system affect
Bry(g) production. Other initial conditions such as relative humidity,
concentrations of O3(g) and COx(g), and the concentration of NaBr in
the aerosols are similar among experiments (see Table 1, cases A—
D).

The concentrations of Bryg), BrO(g), and O3(g) measured during
the experiments are presented in Fig. 1 for cases B and D (con-
centrations measured in cases A and C are shown in Supplementary
Fig. 1). In all cases A—D during the 40—60 min initial dark period,
Bry(g) is produced slowly, BrO(g) levels are negligible, and the con-
centration of O3(g) decreases slowly due to reaction with bromide,
wall loss, and the dilution of the chamber contents from sampling.

When the UV lamps are turned on, the concentration of Bry(g)
rises quickly, increasing by an order of magnitude in a few minutes.
During this time period, the rate of Bry(g) production is much faster
than the rate Bry(g) is lost to the walls (lifetime with respect to wall
loss ~56 min). Gaseous BrO levels reach their peak faster than
Bry(g) and then decline before the end of the irradiation period. The
concentration of ozone decreases rapidly due to photolysis and
through reaction with atomic bromine.

Following approximately 10 min of UV irradiation, the photol-
ysis lamps are turned off and the system starts a second dark
period. The bromine explosion mechanism shuts down due to a
lack of UV light and the slope of the [Bryg)] curve shifts from
positive (or near zero) to negative. The concentration of BrOg)
rapidly falls to negligible levels due to its high reactivity.
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Fig. 1. A comparison of experimental data (empty circles) with results from the MAGIC model for case B (a—c) and case D (d—f). The mean, 10, and 2¢ lines are based on the 5000
simulations from the sensitivity analysis performed on MAGIC for each case. The UV lamps are turned on for 660 s in case B and 600 s in case D.

3.2. Computer modeling

Four sets of simulations are conducted with MAGIC using the
conditions measured during the four experiments (cases A, B, C,
and D). An additional scenario is examined using conditions that
are more representative of the remote marine boundary layer (MBL
case, discussed in Section 3.2.3). The sensitivity analysis of the
MAGIC model investigates how varying the input parameters may
affect the release of Bry(g) from NaBr aerosols.

The observed concentrations of Bry(g), BrO(g), and O3(g) measured
during the four experiments are compared with model predictions
from the sensitivity analyses in order to test MAGIC. Fig. 1 compares
the experimental measurements to the model predictions of the
mean, 1¢, and 2¢ values of Bryg), BrOg), and Oz for all 5000
simulations for cases B and D (similar plots for cases A and C are
shown in Supplementary Fig. 1). Most of the measured values of
Bry(g), BrO(g) and Os(g) fall well within 2¢ lines predicted by MAGIC
and all model predictions show the same qualitative behavior,
demonstrating that the important mechanisms in the bromine
explosion pathway are included in MAGIC.

Previous studies under dark conditions showed that the reac-
tion of O3 with Br(,q) at the particle interface dominates Bry(g)

production (Hunt et al., 2004; Nissenson et al., 2009). This study
finds that interface reaction (1) dominates Bry(g) production during
the initial dark period, consistent with Hunt et al. (2004) and
Nissenson et al. (2009). When this reaction is excluded from
MAGIC, gaseous bromine levels in the dark drop by a factor of 3—5.
However, Bry(g) is produced rapidly when the UV lamps are turned
on, indicating that a different mechanism is responsible for most of
the bromine production during the UV period. Sensitivity analyses
conducted on the MAGIC model identify the rate-limiting steps in
the bromine explosion pathway while the uncertainty analyses
identify the input parameters that produce the most uncertainty in
model predictions of Bry(g).

3.2.1. Comparison to Nissenson et al. (2009)

Nissenson et al. (2009) conducted a limited sensitivity study on
MAGIC using initial conditions similar to case A (Table 1). That
study primarily focused on the sensitivity of bromine output at
peak [Bryg)] to input parameters in order to examine how these
parameters affect the maximum output of bromine. It was found
that the rate-limiting steps in bromine production did not change
once peak [Bryg)] occurred, but the rate-limiting steps at times
prior to peak [Bryg)] were not examined. The present study
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expands upon the work of Nissenson et al. (2009) by examining the
sensitivity of bromine production at peak [Bry(g)] and at times prior
to the peak (e.g., 60 s after the UV lamps are turned on). Chamber
conditions in the current study are based on experimental obser-
vations (cases A—D), while Nissenson et al. (2009) used represen-
tative conditions not backed by measurements in their simulations.
Additionally, measurements of Bry(g), BrO(g), and O3(g) taken from
the chamber experiments are used to constrain and test the model
in this study, while Nissenson et al. (2009) only attempted to
achieve qualitative agreement between simulations and unpub-
lished data from chamber experiments.

Table 2 compares the regression coefficients calculated for
Nissenson et al. (2009) to this study at peak [Bry(g)]. Input param-
eters are selected based on their relatively high value or their
importance in Nissenson et al. (2009). As described in Section 2.5,
the magnitude of a regression coefficient (8) is a measure of the
sensitivity of the predicted Bryg) concentration to an input
parameter and is used to identify the rate-limiting steps in bromine
production. A positive regression coefficient means bromine levels
would be enhanced if the input parameter were increased, while a
negative regression coefficient means bromine levels would
decline if the input parameter were increased. Peak [Bry(g)] is most
sensitive to many of the same chemical and physical processes in
both Nissenson et al. (2009) and cases A—C, despite having signif-
icantly different initial conditions. This indicates the rate-limiting
steps in maximum bromine production for these four scenarios
are similar.

The bromine explosion is initiated when the UV lamps are
turned on (Hausmann and Platt, 1994). Gaseous ozone photolyzes

O('D)(g) + 02 gy~ OCP) ) + Oa(g), (9)

O3g) + OH(g) = HO3(g) + O3g). (10)

These radicals are involved in some of the key gas-phase re-
actions involving brominated species,

OHg) + Bry(g —HOBr(g) + Brg), (11)
HOyg) + BrO (g —HOBr(g) + Oy(g), (12)
Br(g) + O3(g) = BrOgg) + Oag), (13)
BrO(g) + BrO(g) —2 Brg) + O2g). (14)
BrO(g) + BrO(g) —Bry(g) + Oy(g)- (15)

The uptake of HOBr into the aqueous phase leads to the pro-
duction of Bryaq) through the reactions,

HOBI (aq) +Br{aq) +H20(aq) = Bra(aq) + OH(aq) + H20ag),  (16)

HOBr aq) +Br (3q) + HCO3(3q) = Bra(aq) + C03aq) + H20paqy ~ (17)

while the reverse reactions of (16) and (17) destroy aqueous
bromine,

- . - Br OH_, H503q) — HOBr Br H,O0 18
readily at 254 nm, producing Oy and HO, radicals, 2(aq) T OH(ag) +H2Yaq) (aq) T Bl(aq) +M2Yqq) (18)
1 2 - —
Os3g) + hv—~0('D)g) + Oz(g). (6)  Bra(ag) +CO3(aq) +H20(aq) ~ HOBI(aq) +B{aq) + HCO3(q)-  (19)
As bromine levels increase in the aqueous-phase, the deviation
o(! D)) + H20(g) —2 OH(g), (7) from Henry’s law equilibrium drives Br, into the gas-phase.
Table 2 shows that in both Nissenson et al. (2009) and cases A—
C, peak [Bry(g)] is most sensitive to gas-phase reactions, such as the
O(1D)(g) + Ny —>O(3P)(g> + Ny, (8) BrO self-reactions (14 and 15) and ozone photolysis. In addition,
[Bryg)] is relatively insensitive to interfacial reactions, aqueous
Table 2
Selected regression coefficients () calculated at peak [Brag)] from Nissenson et al. (2009) and this study (cases A—D).
Input parameter® Nissenson et al. (2009)" Case A Case B Case C Case D
Interface reaction probability (y’)
Os3(g) + Br(surn = 0.5 Brygg) + O3 aq) (R1) 0.05 0.05 0.02 0.01 NC*
OH(g) + Br (sur) = 0.5 Bry(g) + OH (aq) (R2) 0.03 0.05 0.02 0.01 0.04
Reaction rate constants
Os3(g) + hv — O('D)(g) + Oxg) (R6) 0.06 0.23 0.22 021 NC
0('D)g) + H20(g) — 20Hg) (R7)* 0.03 0.21 0.19 0.18 NC
0('D)g) + Nagg) = OCP)(g) + Nagg (R8) -0.03 -0.15 -0.14 -0.14 NC
OH(g) + Bry(g) — HOBr(g) + Br(g) (R11)° -0.02 0.04 NC NC 0.07
HOyg) + BrO(g) — HOBrg) + Oxg) (R12) 0.05 0.04 NC 0.05 0.04
2BrOgg) — 2Br(g) + Ogg) (R14) -0.57 -0.49 -0.49 —0.44 —0.04
2BrOg) — Bragg) + Oxg) (R15) 0.56 0.47 0.46 0.41 0.04
HOBr(aq) + Br (aq) + H20(aq) — Bragaq) + OH (aq) + H20(aq) (R16) 0.03 0.05 0.04 0.06 0.14
Bra(aq) + OH (aq) + H20(aq) — HOBr(aq) + B (aq) + H20(aq) (R18)¢ -0.02 -0.04 -0.03 -0.04 -0.07
Mass accommodation coefficients
o(HO,) -0.03 -0.03 -0.03 -0.03 -0.06
Henry’s law constants
H(Br,) —0.04 —0.06 —0.06 -0.07 -0.15
H(HOBr)! 0.01 0.02 0.03 0.05 0.11
H(CO,) 0.03 0.04 0.03 0.03 0.09

2 Reactions that are numbered in the main text of this study are listed with their reaction numbers in parentheses.

b
c
d

e

Results from Nissenson et al. (2009) are from the “LightT600" scenario.
NC = not significantly correlated with peak [Bryg)], p-value > 0.05.
This input parameter was calculated but not reported in Nissenson et al. (2009).

The negative regression coefficient for R11 in Nissenson et al. (2009) is a result of a lower O3 concentration at the time of the peak [Bry)] in that study, such that the

recycling of bromine-containing species into Br, which is initiated by reaction of O3, is overwhelmed by the destruction of Br, by R11.
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reactions, and input parameters associated with mass transfer, such
as Henry's law coefficients and mass accommodation coefficients.
Thus, maximum bromine production in these systems is limited by
gas-phase chemistry.

One notable difference between cases A—C and Nissenson et al.
(2009) is that in cases A—C peak [Bry(g)] is much more sensitive to
reactions (6—8), which involve the photolysis of ozone and the
production of HOy radicals. This difference in regression coefficients
likely is due to the use of a different photolysis rate constant for
ozone in cases A—D compared to Nissenson et al. (2009); in the
present study, the photolysis rate constant for ozone is obtained
from experimental data and is 55% lower than the photolysis rate
constant used in Nissenson et al. (2009). Despite this difference,
peak [Bryeg)] in cases A—C and in Nissenson et al. (2009) is most
sensitive to the BrO self-reactions (14 and 15), indicating that gas-
phase chemistry is rate limiting under these conditions.

By contrast, in case D peak [Bryg)] is much more sensitive to
aqueous reactions that produce (reaction 16) and destroy (reaction
18) Brp(aq), the mass accommodation coefficient of HO, and the
Henry’s law coefficients for Bry, HOBr and CO,. Maximum bromine
production in case D is therefore limited by aqueous bromine
production and mass transfer. Section 3.2.2 explores the differences
between cases A—C and case D in greater detail.

3.2.2. Ozone-limited regime (cases A—C) vs bromide-limited regime
(case D)

Table 2 shows that the rate-limiting steps in peak [Bryg)] for-
mation for cases A—C are significantly different than for case D. It
will be shown that this difference is due primarily to the amount of
ozone and bromide initially in the system when the UV lamps are
turned on. Gaseous ozone and bromide are key reactants in the
bromine explosion mechanism discussed in the previous section
and both species are necessary for bromine production. In all four
cases, ozone is depleted during the UV period primarily through
photolysis and reaction (13) with atomic bromine (Fig. 1 and
Supplementary Fig. 1). However, Fig. 2 shows that most of the
bromide still resides in the aerosols at the end of the UV period in
cases A—C, while bromide is depleted well before the end of the UV
period in case D.

Two additional simulations are conducted for cases B and D
using the nominal (mean) values of the input parameters in which
[O3(g)lo and [NaBr(aqg)lo are enhanced by 20%. Fig. 3a shows that the
peak concentration of Bry(g) in case B increases much more with the
addition of O3 (~19% increase in [Bryeg)lpeak) than with the
addition of NaBr(aq) (~ 1% increase in [Bry(g)lpeak). Similar results are
observed for cases A and C, indicating cases A—C are in an ozone-
limited regime. In contrast, Fig. 3b shows that the peak concen-
tration of Bryg) in case D increases much less with the addition of
03(g) (<1% increase in [Bra(g)lpeak) than with the addition of NaBr(aq)
(~19% increase in [Bry(g)lpeak), further supporting that case Disin a
bromide-limited regime.

Table 1 shows that cases A—D initially have similar concentra-
tions of ozone and bromide, but case D contains the least amount of
total bromide because it has the lowest total aerosol volume.
Additional simulations described in Supplementary Material are
conducted to assess the sensitivity of peak [Bry)] to variations in
aerosol number concentration, total surface area, and total aerosol
volume. As expected, raising the aerosol number concentration
(without adjusting the shape of the aerosol size distribution) in-
creases the total bromide in the system and enhances peak Bry(g)
significantly in the Br-limited system (case D) but negligibly in an
Os-limited system (case B). Interestingly, varying total aerosol
surface area while leaving total aerosol volume constant does not
impact peak [Bryg)] levels, meaning it is the reduction in aerosol
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Fig. 2. Concentration of aqueous bromide for cases A, B, C, and D predicted by the
MAGIC model using the nominal (mean) values for the input parameters. The data
lines are shifted in time so that t = 0 s corresponds to the moment when the UV lamps
turn on for easier comparison. The UV lamps are turned on for 600 s in cases A, C, and
D, and 660 s in case B.

volume (the total bromide in the system), not surface area, that
causes case D to differ from cases A—C.

3.2.2.1. Time dependence of regression coefficients. The regression
coefficients calculated at peak [Bryeg)] in Table 2 determine the
sensitivity of maximum bromine production to the various chem-
ical and physical mechanisms in the system, and identify the rate-
limiting steps in maximum bromine production. However, the
concentration of many species change rapidly during the UV period
and the rate-limiting steps in bromine production change during
this time as well. Fig. 4 demonstrates the time evolution of the
regression coefficients for an ozone-limited system (represented by
case B because of its intermediate aerosol parameters) and a
bromide-limited system (case D). Results for cases A and C, both
ozone-limited, are similar to case B and are shown in
Supplementary Fig. 2.

At the beginning of the UV period, when ample ozone and
bromide are present, predicted [Bry(g)] in both cases B and D is quite
sensitive to gas-phase reactions that determine OH levels.
Gaseous bromine levels are positively correlated with reactions
that lead to OH(g) formation, such as ozone photolysis (reaction 6)
and reaction of O(lD)(g) with HyO (reaction 7), and negatively
correlated with reactions that prevent OHg) formation, such as the
O(1D)(g) quenching reactions (8) and (9). Reaction (10) also is
negatively correlated with gaseous bromine levels since this reac-
tion destroys both gaseous ozone and OH.

MAGIC predicts that at the onset of photolysis, Bryg) levels drop
for ~5 s due to reaction (11) with OH(g) before making a rapid
recovery. This decrease is not observed experimentally due to its
short duration. Although reaction (11) momentarily destroys Bry(g),
it initially has a strong positive correlation with [Bryg)] because it
produces HOBr(g), a key species in liberating bromide from NaBr
aerosols; reaction (11) is the main source of HOBr(g) during the UV
period. The reaction of HOyg) with BrOg (reaction 12) is an
important secondary source of HOBrg) and also has a strong posi-
tive correlation with [Bry(g)] initially.

During the first several hundred seconds after the UV lamps are
turned on, there is sufficient ozone and bromide to fuel the rapid
production of Bry) through the bromine explosion mechanism.
However, increasing Bryg) levels leads to enhanced catalytic
destruction of ozone via reactions (13) and (14); in all four cases,
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Fig. 3. Concentration of Bryg) predicted by the MAGIC model (with nominal values for the input parameters) using different initial conditions for (a) case B and (b) case D. The
“experiment” simulations use the values of [O3g)lo and [NaBr(,q)lo measured during experiments B and D. In the “more [O3(g)lo” simulations, [O3g)]o is increased by 20% while
[NaBr(aq)lo is unchanged. In the “more [NaBr(,q)lo” simulations, [NaBr(,q)o is increased by 20% and [O3g)]o is unchanged. The UV lamps are turned on for 660 s in case B and 600 s in
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the total amount of ozone destroyed via reaction (13) with Brg) is
3—8% greater than through photolysis and reaction with HO, rad-
icals combined. In the ozone-limited systems (cases A—C), gaseous
ozone is depleted before bromide levels decline greatly. Since the
BrO(g) self-reaction (14) enhances Br(g) production and reaction (15)
inhibits Br(g) production, predicted [Bry)] in cases A—C becomes
increasingly sensitive to these two reactions throughout the UV
period, eventually growing to be the most important rate-limiting
steps in bromine production.

In the bromide-limited system (case D), Br(q) is the limiting
reagent in the bromine explosion mechanism and processes that
significantly impact [Br™(aq)] become the rate-limiting steps. During
the first half of the UV period, Bry) levels in case D compared to
case B are ~50—200% more sensitive to aqueous reactions (16—18),
~200—300% more sensitive to the Henry’s law constant of HOBr,
~50—100% more sensitive to the Henry’s law constant of Bry,
~400—600% more sensitive to the mass accommodation coeffi-
cient of HOBr, and are generally less sensitive to gas-phase re-
actions that produce HOyx and to the BrO(g) self-reactions (14) and
(15). Once bromide is depleted in the aerosols in case D (by 300 s,
[Br~(aq)] has declined to ~ 10% of its original value), the pathways of
Br;, formation from reactions (16) and (17) of HOBr(aq) with Br(aq)
are shut down, resulting in accumulation of bromine atoms in
HOBr; HOBr(g) levels are over an order of magnitude greater in case
D than in cases A—C, despite significantly lower total bromide in
case D (Table 1).

The onset of bromide depletion in the aerosols produces dra-
matic changes to the regression coefficients of input parameters
that indirectly affect HOBr g production. Gaseous HOBr is a sink for
bromine atoms and is formed primarily through reactions (11) and
(12), which involve HOy reactants. Ozone photolysis (reaction 6)
and reaction (7) of O('D)) and H20(g), both important in HOy
production, become negatively correlated with Bry) levels while
the O(lD)(g) quenching reactions (8) and (9), which reduce HOy
production, become positively correlated with Bryg) levels. The
regression coefficients of the BrO(g) self-reactions (14) and (15) also
change sign. Although reaction (14) plays a large role in the cata-
lytic destruction of ozone and is negatively correlated with Bry(g)
levels prior to bromide depletion, this reaction becomes positively
correlated with Bry) levels after bromide depletion since lower
ozone levels result in reduced HO, production and a slower rate of
HOBr formation via reactions (11) and (12). Lower HOBr levels
means more bromine atoms are available to form Bry) at later
illumination times. Reaction (15) enhances HOx production by
converting BrO(g) into Bryg) instead of bromine atoms, which
destroy ozone via reaction (13). Greater HOy levels result in
enhanced HOBr production via reactions (11) and (12), causing
reaction (15) to have a negative regression coefficient after bromide
depletion. This dramatic change in several of the regression co-
efficients upon bromide depletion at ~300 s is one of the defining
characteristics for case D.

Hydroxyl radicals can produce Bry() directly by reacting with
bromide at the aerosol surface via reaction (2). However, this
reaction is weakly correlated with Bryg) levels, especially at
longer times, and removal of this reaction lowers Bry(g) produc-
tion by only a few percent. This result is in agreement with pre-
vious modeling studies by Thomas et al. (2006) and Nissenson
et al. (2009) that concluded the reaction of OH(g) with Br(syf) is
a minor source of Bry(g) production under irradiation. The inter-
facial reaction (1) with O3g) is strongly correlated with bromine
levels immediately after the lamps are turned on, but this is due to
reaction (1) dominating Bry) production during the preceding
dark period; insufficient time has passed for the bromine explo-
sion to produce a significant amount of Bryg). Relatively little
Bry(g) is produced during the UV period by reaction (1), resulting

in a rapidly declining regression coefficient for this input
parameter.

In summary, although the sensitivity studies show that the
bromine explosion mechanism is the same for all four cases — (1)
Production of HOBr in the gas-phase, (2) Uptake of HOBr into the
aqueous-phase, (3) Reaction of HOBr(aq) with Br(aq) to produce
Bry(aq), (4) Degassing of Br from the aerosols — the rate-limiting
steps differ greatly between the ozone-limited (cases A—C) and
bromide-limited (case D) cases, and also change as a function of
reaction time. Fig. 5a is a schematic summarizing the processes in
cases A—D with the highest regression coefficients during the UV
period. Additionally, the minor influence of the OHg)—Br (sur
interface reaction on Bry production, as predicted by Nissenson
et al. (2009), is supported by experimental data under different
aerosol bromide and O3 availabilities.

3.2.2.2. Uncertainty analysis. The uncertainty analysis elucidates
the input parameters that most significantly affect MAGIC'’s ability
to predict [Bryeg)] at different simulation times. Fig. 6 shows the
results of the uncertainty analysis for case B (ozone-limited) and
case D (bromide-limited). Results for cases A and C are similar to
case B and are presented in Supplementary Fig. 3. In all four cases,
interfacial reaction (1) with O3(g) produces the most uncertainty in
bromine levels immediately after the lamps are turned on. As in the
sensitivity analysis, this result is due to reaction (1) dominating
Bry(g) production during the preceding dark period. Note that this
value is quite uncertain and further experiments to reduce the
uncertainty associated with this dark interface reaction would be
useful. During the early part of the UV period, the regression co-
efficient of interfacial reaction (1) decreases rapidly while the
regression coefficient for ozone photolysis (reaction 6) and OH
production via reaction (7) remain relatively high (Fig. 2). As a
result, reactions (6) and (7) quickly become the greatest contribu-
tors to the model uncertainty.

As ozone is destroyed in the ozone-limited systems (cases A—C),
bromine production becomes increasingly sensitive to the BrOg
self-reactions (14) and (15) (Fig. 4 and Supplementary Fig. 2). The
large regression coefficients on these two reactions result in their
generating over 75% of the uncertainty in predicted Bry(g) levels by
the time ozone is depleted. In bromide-limited systems (case D),
gaseous bromine levels are more sensitive to aqueous bromine
production via reaction (16) and the Henry’s law constant of HOBr
by the time bromide is depleted (~300 s). At that time, the rela-
tively large regression coefficients and uncertainty ranges of reac-
tion (16) and H(HOBr) result in the two input parameters
generating over 50% of the uncertainty in predicted Bryg) levels.
Following the shut down of Bryg) production, the BrOg, self-
reactions (14) and (15) begin to dominate the uncertainty in case
D due to their increasing regression coefficients.

The uncertainty analysis focuses on how uncertainties in
chemical and physical processes affect MAGIC’s ability to predict
gaseous bromine levels. Uncertainties in the aerosol size distribu-
tion used in MAGIC also affect the total amount of bromide in the
system. The sources of these errors are the uncertainty in the
measurement of the aerosol size (5 nm) and number concentra-
tion (+20%) (Hunt et al., 2004), as well as the assumption that the
aerosol properties do not change during the simulations. However,
even with the uncertainties in the aerosol size distribution, the
model successfully predicts the occurrence of a Bryg) explosion,
calculates a peak Bryg) concentration that is close to the experi-
mental value, and produces O3(g) and BrO(g) curves that are similar
to measurements (see Supplementary Material for a discussion
regarding how aerosol concentration, total aerosol surface, and
total aerosol volume affect predicted bromine levels).
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Fig. 5. A simplified schematic diagram of the key chemical and physical processes governing Bry(g) levels during the UV period for (a) cases A—D and (b) the MBL case. The circular
area represents the condensed phase (liquid aerosol). The processes with the largest regression coefficients at peak Bry(g) are indicated for ozone-limited cases A—C, bromide-limited

case D, and the MBL case.

3.2.3. Bromide-limited regime (case D) vs. MBL case

The conditions of the marine boundary layer are quite different
than in the chamber experiments. In the remote marine boundary
layer, interhalogen reactions and oxides of nitrogen also play a role
in the generating gas-phase bromine from sea-salt aerosols (Vogt
et al.,, 1996, 1999; Foster et al., 2001; Sander et al., 2003; Simpson
et al.,, 2007; Richards and Finlayson-Pitts, 2012; Sommariva and
von Glasow, 2012). Additionally, ambient sea-salt aerosols in the
remote marine boundary layer are composed of a mixture of indi-
vidual aerosols with different characteristics (Keene et al., 1998;
Sander et al,, 2003), and often have organic coatings which can
enhance the rate of bromide oxidation from NaBr solutions (Clifford
and Donaldson, 2007). While examining the impact of other halo-
gens and oxides of nitrogen on brominated compounds is beyond
the scope of the present work, the authors acknowledge that these
exclusions from the current study limit direct extrapolation of the
results to the atmosphere. For example, some reactive species that
are not accounted for can affect the concentrations and time
dependence of key atmospheric species such as Bryg). However, in
mixtures of CI~ and Br~ characteristic of sea salt, the interhalogen
chemistry drives the production of gas-phase bromine until the
aqueous phase is largely depleted of Br~, at which time gas-phase
chlorine compounds are formed (Abbatt, 1994; Allanic et al,

1997; Kirchner et al., 1997; Abbatt and Waschewsky, 1998;
Mochida et al,, 1998; Oum et al., 1998a,b; Chu and Chu, 1999;
Fickert et al., 1999; Liu et al., 2001; Frinak and Abbatt, 2006;
George and Anastasio, 2007; Sjostedt and Abbatt, 2008; Abbatt
et al., 2010; Richards-Henderson et al., 2013). Simulations of the
remote marine boundary layer using a bromide-only computer
model can help identify the rate-limiting steps in the production of
gaseous brominated compounds among non-interhalogen re-
actions. Such simulations may be used to help assess which of the
four cases (A—D) examined above is most similar to the conditions
and chemistry in the remote marine boundary layer, and hence
which reactions discussed in this paper are more likely to be
important in the atmosphere. An additional set of simulations (MBL
case) is conducted for this purpose. The MBL case below simulates a
parcel of air containing pure NaBr aerosols in the remote marine
boundary layer during sunrise at mid-latitude.

The initial conditions of the MBL case are listed in Table 1. Initial
[O3(g)] and [COyg] are set to 20 ppbv (Dickerson et al., 1999;
Pszenny et al., 2004; von Glasow and Crutzen, 2004; von Glasow,
2006) and 394 ppmv (Tans and Keeling, 2011), respectively. An
initial bromide concentration of 8.1 x 103 M is used based on the
calculations of Sander and Crutzen (1996) for freshly generated sea-
salt aerosols equilibrated with ambient air at 76% RH, with the same
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Fig. 6. Input parameters’ contribution to the uncertainty in MAGIC's predictions of Bry(g) levels for (a) case B and (b) case D. Input parameters that contribute at least 15% to the
uncertainty in [Bryg)] for at least one analysis time are shown in the figure. Reaction rate constants are represented by R followed by the chemical reaction number from the text.

H(HOBr) represents the Henry's law constant for HOBT.
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Na®/Br~ ratio as in sea water (Gabriel et al., 2002). Aerosol size
distribution, pH, and RH are calculated or chosen to be typical of the
remote MBL.

In the MBL case simulations, the system is kept in the dark for
50 min then exposed to sunlight for six hours. Photolysis rate
constants are calculated using published absorption cross sections
(Sander et al., 2011) and actinic fluxes reported in Finlayson-Pitts
et al. (2000) for a location at 30°N latitude on July 1. The in-
tensity of the actinic flux increases slowly during the sunlight
period to simulate sunrise at a solar zenith angle of 86° (~5:30 am)
to 10° (~11:30 am). During the entire simulation the temperature
is held constant at 298 K. As in cases A—D, the MBL case assumes
that the total aerosol surface area and volume in the system is
constant during the simulations. Although larger aerosols are
rapidly removed from the atmosphere due to deposition in the real
marine boundary layer, dry deposition residence times for micron-
sized particles can be quite long ( ~5 h for 10 um sea-salt aerosols at
10 m s~ ! wind speeds, Lewis and Schwartz, 2004). Unlike cases A—
D, the MBL case does not consider irreversible losses of gas-phase
species due to wall losses or dilution of the chamber contents.

Fig. 7 shows that brominated species are produced much more
rapidly during the sunlight period than during the initial dark
period in the MBL case, although in smaller quantities than
observed in cases A—D due to much lower [O3(g)]o and [Br(aqg)lo
(Table 1). Both [HOBr(g)] and [Bry)] have similar temporal trends
during the sunlight period and their sum is plotted versus time in
Fig. 7a. Unlike cases A—D where most bromine atoms are converted
to Bry(g), levels of Bry(g) are approximately two orders of magnitude
smaller than either HOBr(g) or BrOg) during the sunlight period in
the MBL case due to enhanced photolysis of Bryg) in the actinic
region (discussed below).

Although the MBL case excludes chlorine, iodine, and NOy
chemistry, it is interesting to note that the peak concentrations of
brominated species in the MBL case are comparable with those
reported in the literature for clean, mid-latitude marine boundary
layers. Leser et al. (2003) measured a maximum daytime BrO
concentration of 2.4 ppt over the Atlantic Ocean during October.
Saiz-Lopez et al. (2004) measured an average daytime BrO con-
centration of 2.3 ppt during August at Mace Head Observatory,
Ireland, with a peak concentration of 6.5 ppt. Although the MBL
case simulations predict higher peak BrOg) levels (~16 ppt,
Fig. 7b), this may be due in part to the MBL case simulations using
an actinic flux typical of July; photolysis of ozone produces HOy
radicals, initiating the bromine explosion pathway. Higher rates of
photolysis ultimately lead to higher concentrations of brominated
species such as BrO.

Measurements of BrO also are available in clean, low-latitude air
masses. Read et al. (2008) report an average daytime peak BrO
concentration of 2.5 ppt at Cape Verde Observatory during
November to June, and Martin et al. (2009) report a maximum BrO
concentration of 10.2 ppt off the West African coast during February.

There are fewer studies that report Bry concentrations in the
mid-latitude MBL. Finley and Saltzman (2008) measured Br; levels
on the coast of Southern California during January, observing mean
Bry levels of 2.3 ppt. In the MBL simulations, peak Br;, levels are
lower (~0.15 pptv), due in part to the MBL case simulations using
an actinic flux typical of July; photolysis is the main destruction
pathway of Br; in the MBL case.

Ozone levels (Fig. 7c¢) drop by 20% (20 ppbv—16 ppbv) during the
six hours of sunlight in the MBL case, with one-third of the ozone
destruction due to reaction with brominated species. Similar rates
of ozone loss during the morning are reported in the remote marine
boundary layer (Dickerson et al., 1999; Nagao et al., 1999; Galbally
et al., 2000) and halogen reactions are hypothesized to account for
a significant fraction of the observed ozone destruction.
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Fig. 7. Results from the MAGIC model for the MBL case. The mean, 1¢, and 2¢ lines are
based on the 5000 simulations from the sensitivity analysis performed on MAGIC.
Sunrise begins at 5:30 am.

The concentration of bromide declines to 10% of its initial value
by ~9:50 am, indicating the system is bromide-limited. For this
reason, the results of the sensitivity study conducted on the MBL
case are compared with the sensitivity study conducted on case D,
which is bromide-limited as well. However, many of the mecha-
nisms in Bry(g) production for the MBL case are different from case
D. During the initial dark period, interfacial reaction (1) creates only
~20% of Bry(g) in the MBL case and most Bry(g) is produced through
the following mechanism during the first 50 min of the simulation:
03(g) dissolves into the aerosols and reacts with bromide to produce
BrO™ (aq), which protonates to form HOBr(,q). Aqueous Br; is created
when HOBr(,q) reacts with Br™(,q) via reaction (16) and its acidic
form,



P. Nissenson et al. / Atmospheric Environment 89 (2014) 491-506 503

HOBr(aq) =+ Br@m =+ HZ;C[) —>Br2(aq> =+ H20<aq). (20)

The acid-catalyzed reaction (20) has been proposed as being key
for bromide activation in polar regions (Grannas et al., 2007;
Simpson et al., 2007; Piot and von Glasow, 2008) and mid-
latitudes (Sander and Crutzen, 1996; Vogt et al., 1996; Fickert
et al., 1999; Sander et al., 2003; Smoydzin and von Glasow, 2009),
but produces an insignificant amount of Bryaq) in cases A—D
because OH™ formation via reaction (16) results in an aerosol pH of
~11. However, low aerosol pH results in reaction (20) dominating
Br(aq) production in the MBL case.

Prior to bromide depletion in both case D (Fig. 2) and the MBL
case (Fig. 8), bromine production is quite sensitive to ozone
photolysis (reaction 6), OH formation via reaction (7), and O('D)
quenching with N; via reaction (8). However, many of the key
chemical and physical processes in the production of Bryg) differ
between the two cases. In case D, the bromine explosion mecha-
nism, which relies on the rapid production of gaseous HOBr (see
Section 3.2.1) dominates Bry(g) production. During the first hour of
sunlight in the MBL case, HOBr(g) levels are relatively low and the
majority of Bryaq) is produced slowly through the following
mechanism,

Br(aq) + OH(aq) =~ HOBr ), (21)
HOBr(’aq) + Br@qu> HBrz’(aq) + OH(;q), (22)
Braaq) + HO2(aq) = Br2(ag) + HOzpag) (23)

with most aqueous OH and HO» radicals originating in the gas-
phase. As the simulations progress and more Br; is released from
the aerosols, HOBrg) levels increase and reaction (20) of HOBr(aq)
with Br~(aq) overtakes reaction (23) as the major source of aqueous
bromine. The growing importance of HOBr in the production of
bromine is reflected in the increasing regression coefficient for
reaction (20).

The main sources and sinks of many key species are different in
the MBL case compared to case D. In the MBL case, HOBr(g), Bra(g),
and BrO(g) are primarily destroyed through photolysis,

HOBI‘(g) + hU-’OH(g) -+ Bl‘(g), (24)
Bl‘z(g) +hv—2 Bl'(g)7 (25)
BrO(g) + hv—Brg) + OCP), (26)

due to their large absorption cross sections in the actinic region,
and gaseous bromine levels are most sensitive to Bry(g) photolysis
throughout the simulation. Photolysis, along with reactions
involving HO, radicals, also is the dominant destruction pathway of
ozone in the MBL case instead of reaction (13) with atomic bromine
as in case D. Although HOBr is critical in the release of bromine in
both case D and the MBL case, the main source of HOBr shifts from
reaction (11) of OHg) with Bry(g) in case D to reaction (12) of HOy(g)
with BrQO) in the MBL case.

After approximately 4.5 h of sunlight the aerosols become
depleted of bromide (<10% of the initial concentration by 9:50 am),
resulting in the termination of Br, production in the aqueous-
phase. At this time, most of the bromine atoms are stored in
HOBr(g) and BrO), whose concentrations are two orders of
magnitude greater than the concentration of Bryg). Gaseous
bromine is formed primarily via the BrO() self-reaction (15)
throughout the remainder of the simulation. This shift in Bryg)
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Fig. 8. Sensitivity of [Bryg)] to input parameters at various times during the morning
hours for the MBL case. The input parameters are significant at the 0.05 level and have
either a regression coefficient greater than 0.2 for at least one analysis time or are
deemed interesting by the authors. Sunrise begins at 5:30 am. Reaction rate constants
are represented by R followed by the chemical reaction number from the text. Keq(X),
H(X), and «(X) represent the acid—base equilibrium constant, Henry’s law constant,
and mass accommodation coefficient of species X, respectively.

production mechanisms greatly affects the regression coefficients
of many input parameters.

Prior to bromide depletion, HOBr(g) formation via reaction (12)
of HOy(g) and BrOg) is positively correlated with Bryg) levels since
that reaction increases the amount of aqueous HOBr available to
produce Bryq) via reactions (16) and (20) with Br(aq). Ozone
photolysis and reaction (7) of O('D) with H,0 indirectly increase
HOBr(g) production by initiating HO, formation, resulting in posi-
tive regression coefficients for these reactions. Photolysis of HOBr(g)
is negatively correlated with bromine formation, as are reactions
that reduce HOy levels such as the O(lD)(g) quenching reactions (8)
and (9), and reaction (27),

OHg) + HO(g) = O3(g) + H2Oyg). (27)

The processes with the highest regression coefficients at peak
[Bryeg)] in the MBL case are summarized in Fig. 5b.

At the onset of bromide depletion, the main source of Bryg) is
the liberation of bromine atoms from HOBr(). As a result, the
regression coefficients of reactions (6—9), (12), (24), and (27)
change sign. Photolysis of HOBr(g) now has a positive regression
coefficient since it liberates bromine atoms which are able to form
BrOg) via reaction (13) with O3(g). The BrO self-reaction (15) be-
gins to dominate gaseous bromine production and has a positive
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regression coefficient, while HOBrg) formation via reaction (12) of
HOy(g) and BrO(g) becomes negatively correlated with Bry(g) levels
since that reaction reduces BrQ(g) levels.

While the MBL simulation does not account for meteorology, the
amount of time from sunrise to bromide depletion is approximately
the same amount of time required for dry deposition of the largest
aerosols in the simulation (10 um). After depletion, Bry(g) formation
can continue through BrO(g self-reaction (15).

Bromide depletion in the aerosols also has a large impact on the
sources of uncertainty for the MBL case (Supplementary Fig. 4). At
all times during the illumination period, Bryg) photolysis is
responsible for ~30—60% of the total uncertainty since this reac-
tion is the major Bry(g) loss pathway. During the first four hours of
sunlight, about half of the model uncertainty is generated by ozone
photolysis, reaction (7) of O(ID) with Hz0, reaction (10) of O3
with OH(g), and the mass accommodation coefficient of OH, all of
which impact HOy levels. Following bromide depletion, those four
input parameters produce negligible uncertainty and the BrOg
self-reaction (15) and HOBr(g) photolysis generate about half of the
uncertainty since they determine the rate of liberation of bromine
atoms from the BrOg) and HOBr ) reservoirs.

4. Summary

This study illustrates the strength of applying a detailed kinetics
treatment of a chemical mechanism to experimental data in iden-
tifying the most important processes in the mechanism and how
they vary with time. Rapid bromine formation from NaBr aerosols is
reported in chamber experiments (cases A—D) and mechanisms are
tracked for the liberation of aqueous bromide into gaseous Brj
under different experimental conditions based on sensitivity
studies conducted on the MAGIC model. As in the recent work of
Buxmann et al. (2012) using deliquesced samples of NaCl/NaBr, the
bromine “explosion” observed in polar regions is replicated in
chamber experiments but in the present case, using pure, deli-
quesced NaBr aerosols. The mechanism consists of (1) production of
HOBr in the gas-phase, (2) uptake of HOBr into the aqueous-phase,
(3) reaction of HOBr(aq) with Br(aq) to produce Bryag), and (4)
degassing of Bry(aq) from the aerosols. Although the heterogeneous
reaction of O3(g) with interfacial Br™ is important in the dark, both
interface OH and O3 reactions are too slow to produce a substantial
amount of Bry(g) during the UV period. Gaseous bromine is gener-
ated as long as there are ample ozone and bromide in the system. If
ozone is depleted first, the peak [Bryg)] is most sensitive to gas-
phase reactions and these reactions are responsible for most of
the model uncertainty. In particular, Os-limited systems are
increasingly sensitive to competition between the two BrO self-
reactions (reactions 14 and 15). However, when the system is
bromide-limited, peak [Bryg)] becomes sensitive to aqueous-phase
reactions and mass transfer parameters, and most of the model
uncertainty comes from these processes. Bryg) output also is sen-
sitive to aerosol size distributions in this regime.

A separate set of simulations is conducted using initial condi-
tions similar to the remote marine boundary layer (MBL case). In
this case, bromide is liberated from aerosols through the same four
steps as in cases A—D, but with different reactions playing key roles.
While interhalogen and nitrogen oxide chemistry are not included
in the MBL case, it is notable that the predicted levels of active
bromine species are comparable with marine boundary layer
measurements in low- and mid-latitude regions (Leser et al., 2003;
Saiz-Lopez et al., 2004; Read et al., 2008; Martin et al., 2009; Saiz-
Lopez and von Glasow, 2012). Bromine production in the MBL case
is bromide-limited and the sensitivity of Bry() levels to input pa-
rameters change dramatically once bromide is depleted from the
aerosols. After bromide depletion, Bryg) formation continues via

gaseous BrO reactions. This work demonstrates that sources of
uncertainty in modeling studies can vary greatly in time, especially
when the depletion of key reactants occurs. Physical and chemical
processes may alternate between aiding and hindering the for-
mation of chemical species, depending on the current conditions in
the system. In the MBL case, the input parameters that produce the
greatest amount of model uncertainty are gas-phase reactions
whose uncertainty ranges are relatively well-established
(Supplementary Fig. 4). However, simulations indicate that spe-
cial attention should be given to modeling the photolysis condi-
tions and aerosol properties as accurately as possible since both
may strongly influence the timing or occurrence of depletion in the
remote marine boundary layer.
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