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Abstract. We examined the reaction of 05 on frozen events, as well as enhanced oxidation of volatile organic
halide salt solutions as a function of temperature and comeompounds (VOC) that occur in lower tropospheric polar air
position using a coated wall flow tube technique coupled toare driven by vigorous catalytic halogen chemistry (Barrie
a chemical ionization mass spectrometer (CIMS). The mo-and Platt, 1997; Bottenheim et al., 1990; Evans et al., 2003;
lar yield of photo-labile halogen compounds was near unityFoster et al., 2001; Jobson et al., 1994; McConnell et al.,
for almost all conditions studied, with the observed reac-1992; Oltmans et al., 1989; Simpson et al., 2007b; Spicer
tion products being nitryl chloride (CIN£ and/or molec- et al., 2002). The chemistry is thought to be initiated and
ular bromine (Bg). The relative yield of CIN@ and Bp de- sustained by heterogeneous reactions occurring on sea ice,
pended on the ratio of bromide to chloride ions in the so-within salty snowpacks or on airborne halide-containing
lutions used to form the ice. At a bromide to chloride ion aerosol particles or blowing snow (Piot and von Glasow,
molar ratio greater than 1/30 in the starting solution; Br 2008; Simpson et al., 2005; Simpson et al., 2007a; Yang
was the dominant product otherwise CIN@as primarily et al., 2008; Yang et al., 2010; Zhao et al., 2008). Active
produced on these near pH-neutral brines. We demonstratealogen chemistry in the Arctic appears persistent in some
that the competition between chlorine and bromine activa-regions while episodic in others, and it has been associ-
tion is a function of the ice/brine temperature presumablyated with air temperatures below 255K, blowing snow, and
due to the preferential precipitation of NaCl hydrates from time spent over first-year sea ice (Jones et al., 2009; Kalnajs
the brine below 250 K. Our results provide new experimen-and Avallone, 2006; Simpson et al., 2007a; Tarasick and
tal confirmation that the chemical environment of the brine Bottenheim, 2002). In addition, chlorine activation also oc-
layer changes with temperature and that these changes cawrs in other snow-impacted areas such as the polluted north-
directly affect multiphase chemistry. These findings have im-ern mid-latitudes during winter (Mielke et al., 2011; Thorn-
plications for modeling air-snow-ice interactions in polar re- ton et al., 2010). The extent to which the snowpack in these
gions and likely in polluted mid-latitude regions during win- regions affects halogen cycling remains uncertain.
ter as well. While active halogen chemistry in the Arctic has become
well characterized by observations, the multiphase chemistry
required to explain the observations remains relatively uncer-
tain. For example, based on hydrocarbon reactivity measure-
1 Introduction ments, the ratio of bromine to chlorine atoms has been in-
ferred to range from 80-990, and exhibit significant variabil-
The activation and recycling of inert halides from ice and ity (Boudries and Bottenheim, 2000; Cavender et al., 2008;
snow surfaces into halogen atom precursors can have prkejl and Shepson, 2006). Standard chemical mechanisms
found effects on atmospheric chemistry and compositionemployed under Arctic conditions generally find Br/Cl of

(Finlayson-Pitts, 2010). For example, observations and mod1000 or greater (Keil and Shepson, 2006; Michalowski et
eling studies indicate that ozone and mercury depletion
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5238 F. D. Lopez-Hilfiker et al.: Temperature dependent halogen activation

al., 2000); thus the observations imply a missing net chlo-gen species. A schematic diagram of the experimental set-up
rine atom source relative to bromine that is a factor of 10, oris shown in Fig. 1.
more, larger than currently in such models. Partly responsible
for such problems is our limited understanding of the air—ice2.1 Temperature controlled flow tube reactor
interface under typical environmental conditions. It is likely
that on sea ice, snowpacks, and airborne snow particles therehe reaction of MOs on halide-doped ices is carried out in a
is a rich liquid brine layer, containing relatively high concen- 20 cm long, 2.5 cm OD wetted wall pyrex tube that is housed
trations of halide and other inorganic ions, as well as organidn a temperature controlled cooling jacket. The cooling jacket
compounds, which have been excluded from the water-iceconsists of a 24 cm long, 2.5 cm ID stainless tube welded in
matrix (Grannas et al., 2007; Koop et al., 2000). Moreover,the center of a 25 25 x 15 cn? stainless steel bath contain-
the physical and chemical properties of this brine layer de-ing ~51 of 95% ethanol. The bath is first cooled to 240—
pend upon meteorological conditions such as temperatur@50K using a commercial chiller (Thermo), and then fur-
and relative humidity, as well as upon chemical processingher by the addition of dry ice to create a dry ice/ethanol
and exposure to depositional sources of salts and acids (Chalurry. The liquid level of the bath was maintained at a height
etal., 2002; Koop et al., 2000; Morin et al., 2008; Sander andof 5cm above the cooling jacket. Precise temperatures in
Morin, 2010). Experiments that probe multi-phase chemistrythe flow tube region are obtained by adding either room-
as a function of these parameters are generally lacking antemperature ethanol (for warmer conditions) or additional
as such the efficiency of several key reactions under typicadry ice (for colder conditions) until the desired temperature
environmental conditions remain unknown. is reached.
Here we present results of a study in which we exposed
known concentrations of gaseous®§ to a range of halide- 2.2 Ice surfaces
doped ice surfaces under varied conditions. The motivation
for this specific system is two-fold. First, to our knowledge, The reaction of NOs was carried out on artificial sea ice sur-
the reactivity and products of /D5 reactions on halide- faces. Artificial halide ion solutions were made using X8M
doped ice systems under Arctic or wintertime mid-latitude water and NaCl and NaBr from Aldrich without further pu-
conditions has not been explored,®§ chemistry presum- rification. A stock synthetic seawater solution was made from
ably occurs, albeit at low levels, in the vicinity of Arc- 35.00 g SeaChem Marine Salt (see Table 1) dissolved in 11
tic halide-doped ice systems due to the presence of anthrddl water, giving a relative chloride to bromide mole ratio of
pogenic NQ sources such as high latitude urban areas, com&50:1. While containing typical seawater carbonate buffer-
mercial shipping, and oil and gas exploration, and due to théng capacity, the pH of these solutions was initially 8.4 but
production of NQ via nitrate photolysis in snowpacks (Hon- due to uptake of acids from room air during preparation and
rath et al., 1999). Moreover, halide-doped snow also existfrom the N>Os reaction, the brines were likely slightly acid-
in continental mid-latitude regions during winter, and often ified. No detectable change in products was observed upon
where NQ emissions are large, either due to sea salt andseveral repeatedJDs exposures to a given ice tube suggest-
playa dust deposition or possibly from road salt or halide de-ing that any changes in pH were not important to the overall
icing fluids applied to roadways. Whether the snowpack isproduct distribution. A conclusive measurement of the pH
a source of reactive halogens in these latter regions remainsf the thin films was not possible. Additional synthetic solu-
unknown. Second, the chemistry of halogen activation by retions were prepared by adding various amounts of NaBr to
actions of NOs in aqueous solutions and on solid salts is 100 ml samples of the stock solution to create new solutions
reasonably well studied (Behnke et al., 1997; Bertram andwith CI:Br ratios lower than that of seawater. In this way, to-
Thornton, 2009; Roberts et al., 2009; Thornton and Abbatt tal ionic strength was not conserved, but uniformly increased
2005). This knowledge therefore provides a means to probeas the Cl:Br ratio was decreased due to the addition of NaBr.
our understanding of brine layer composition and its depen-The perturbation to total ionic strength is therefore small for
dence on physical properties such as temperature. Such infomost of the CI:Br ratios probed here, ranging from 650:1 to
mation will allow for better estimates of the rates and prod- 1:1, but typically at or higher than 30:1. In general through-
uct yields of other multiphase reactions occurring in halide-out this manuscript, CI:Br ratios are mole ratios.
doped ice systems. Ice coated flow tubes were prepared by first etching the in-
ner pyrex walls with 2 % HF, which produces a contaminant-
free wettable surface (Abbatt and Molina, 1992; Abbatt,
1994). The glass tube was then rinsed copiously with DI wa-
2 Experimental ter and baked. The tube was then coated thoroughly with a
halide solution and manually rotated to ensure a uniform lig-
Experiments were conducted using a frozen wetted wall flowuid coating. The flow tube was then placed into the cool-
tube coupled to a custom-built chemical ionization massing jacket and rolled so that ice formation was uniform over
spectrometer optimized for the detection of gas phase halothe entire surface. A carrier flow of 1250 standard cubic
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Fig. 1. Schematic of the ice-coated wall reactor and CIMS apparatus.

centimeters per minute (sccm) of dry Was passed through centration of ozone (few ppm). Ozone is subsequently mixed
two copper cooling coils, and then added at the entrance ofvith NO, in a 2.5cm ID Teflon tube producing®s. The

the flow tube. The bulk flow led to a residence time of 0.14 ssecond method provides more stable output as small temper-
percm of ice exposed to reactants, with a maximum inter-ature fluctuations in the solid JDs trap of the first method
action time of 3 s possible for a fully exposed ice tube. Thecan lead to large and rapid variations in®§ delivered to
temperature of the ice surface was measured throughout thidne flow reactor. As in the first method, a small flow of dry
course of an experiment using a fine gauge type-K thermoN; (100 sccm) delivered the #0s5 and any remaining N®
couple in contact with the ice surface. The temperature of theand G to the injector.

ice surface and the Nflow at the exit were usually within The injector is 3mm OD PFA tube surrounded by a 6 mm
5K, which we take as our ice temperature measurement ad®dD glass tube to provide support. The injector is positioned
curacy. The ice coated flow tubes were allowed to equilibratein the center of the wetted wall flow tube. Once the efflu-
under a conditioned Nflow for 10—15 min prior to exposing ent of the injector mixed with the carrier flow, the resulting

them to NOs. mixing ratio of NbOsprior to exposure to the ice surfaces
was 2—-4 ppb (5-1& 10%molec cnt3). The concentrations
2.3 NpOs synthesis and delivery of NO, and @ were both approximately 50 ppb (Bertram et

al., 2009; Kercher et al., 2009). In order to test the effects
N2Os is synthesized using one of two similar methods de-of NO, and G being present, a set of ice tubes were ex-
scribed here briefly. The first method involves a 20 cm long,posed to N@ and G separately. No halogens were detected
3cm OD glass reaction cell, where the reaction of a smallduring these tests suggesting that only theON exposure
amount of NQ with excess @ occurs at ambient tempera- produced halogens under our conditions. While an ice tube
tures producing hOs gas. Q is generated by flowing’500  was equilibrating, the injector opening was located passed
standard cubic centimeters per minute (sccm) pb@a pen  the downstream exit of the coated wall flow tube so as to not
ray (UVP) lamp. Pure BOs is trapped in a glass cold finger expose the ice to §Ds. Then, during the course of an ex-
held in an ethanol/liquid-Mslurry and subsequently stored periment, the injector was repeatedly pulled back to expose
at 220 K. During experiments, the,®s sample is kept in  the ice surface to pDs for approximately 2-min intervals,
the temperature range of 200 to 205K in a slurry of ethanolduring which the gas phase products and loss gdNwere
and dry ice. The NOs is swept out of the cold trap by pass- monitored by the mass spectrometer.
ing 10sccm of dry M through the trap; this flow is then di-
luted by 90 sccm of dry Blfor transit from the trap to the 2.4 Detection of gas phase reactant and products
flow reactor. Most experiments were conducted using the
second synthesis method which involves a similar systemN2Os, CINO,, Cly, BrCl, BrNO,, and Bp were all moni-
however, it does not involve #Ds5 pre-collection or storage, tored online by a CIMS using iodide clusters. We have de-
and is made on demand by a custom-built gas-synthesis agscribed our development of this ion chemistry in detail pre-
paratus described previously (Bertram et al., 2009; Kerchewiously (Kercher et al., 2009; McNeill et al., 2006), and it has
et al., 2009). In this method 3 sccm of medical-grade zero airsince been applied to the detection opr, and BrO ei-
is mixed with 40 sccm of pure Nand passed by a pinhole, ther in laboratory or field settings (Liao et al., 2011; Mielke
behind which is a UV lamp, to produce a relatively low con- et al., 2011; Neuman et al., 2010; Roberts et al., 2009). To
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our knowledge, detection of BrCl and BrN®y this method  Table 1. Concentration of components in synthetic seawater made
has not been described, but is a readily straightforward exfrom "Marine Salt” purchased from manufacturer (Seachem) and
tension. In all cases, we report signals measured at the clugliluted into MilliQ water as per manufacturer recommendations.

ter ions, I(M)~, corresponding to each isotope of the parent The synthetic seawater formed the basis for frozen halide solutions.
mass of each halogen-containing moleculg )(Modide ion

chemistry also produces other less specific reaction products Component Concentration
) —1
from halogens and pDs that we monitored as well for fur- (mgI~7)
ther confirmation of product identities (Kercher et al., 2009). Chloride 19336
Afield deployable CIMS, that has been robustly calibrated Sodium 10752
to N2Os, CINO,, and Ch as part of several campaigns was Sulfate 2657
used for these experiments (Kercher et al., 2009; Thornton Magnesium 1317
et al., 2010). As part of the field experiments we have es- Potassium 421
tablished absolute sensitivities and more importantly a ro- Calcium 380
bust estimate of the sensitivity to,®s relative to that for Carbonate/Bicarbonate 142
CINO; by using standard additions 0685, quantified with ggﬁ)onr?um i'g’
an internally calibrated cavity ringdown spectrometer, and Bromide 56
the conversion of this pOs on wetted NaCl salt beds. Fur- lodide 0.06
thermore, we have tied the CINGensitivity to that of Gl Lithium 03
by employing a Cl permeation tube (KIN-TEK) during the Silicon <01
field campaigns and these laboratory measurements. The out- Iron 0.0098
put of the permeation tube was certified by the manufac- Copper 0.0003
turer and confirmed by gravimetric analysis. A.Brerme- Nickel <0015
ation tube (KIN-TEK) was also used during the experiments Zinc 0.0107
described here to calibrate the associates sgnals. BrCl Manganese 0.0023
standards were generated by mixing the output of theaBd Molybdenum 0.0098
Cly permeation tube with the €and B in a shrouded long CObalt. 0.0004
. . . . Vanadium < 0.015
residence mixing chamber prior to delivery to the CIMS. Selenium 0019
Finally, the calibration to CIN@ and BrNGQ was period- Rubidium 0.118
ically checked by passing &lor Bry, respectively, over a Barium <004

dry NaNG salt bed (Mielke et al., 2011). We have sepa-
rately assessed the conversion efficiency oftGICINO, on
NaNQ, beds during the field experiments by comparing to
the CING produced by calibrated4Os conversion on NaCl
beds. Through repeated calibrations both during field cam-

in the benchmark bOs and CING sensitivities to be-25 %
(Kercher et al., 2009; Thornton et al., 2010). Therefore, we
are able to report absolute yields that have an accuracy o
425 %. A single set of average sensitivity values are applie
to all experiments, neglecting variations in on the hourly or
even daily timescales. The total halogen yield varies between

about 0.8 and 1.2 on average across all the relevant expers Results and discussion

ments, similar to the expected variability based on the uncer-

monitored as the lodide clusters. As this experiment aimed
to vary the temperature of an ice-coated flow tube, the wa-
._ter vapor content of the flow sampled by the CIMS would

tEfotentially be low and variable. Thus, to maintain a constant
calibration across the conditions probed, a flow of humidi-

fied N, was added after the flow exited the ice tubes but prior
o detection. This additional flow established and maintained
he relative humidity sampled by the CIMS at42 %.

tainty discussed above. The absolute yield variations likelyThe reaction of NOs on synthetic sea ice was investigated
represent changes in the sensitivity toQ¥ relative to that  as a function of temperature and the relative Cl:Br concen-

for the halogen species likely due in large part to applying atration. A typical time trace showing results for the reaction
constant calibration to all data. Changes in the relative prodof N2Oson a natural sea ice surface at 242K is shown in
uct yields due to changes in ice composition, on which ourFig. 2. The various ion signals are plotted as a function of
conclusions are mostly based, are likely more accurate as thie experiment time. The black trace shows th©bsignal,
only requirement is that the instrument sensitivity is constanthigh when it is bypassing the ice surface. Upon exposing the
as the ice composition is varied over the timescale of a fewice surface to NOs, halogenated species including CINO
hours. (blue), and Bs (red) are promptly produced with a total halo-
When sampling air with a relative humidity greater than gen yield per NOs reacted near unity. In general, CINO
~40 %, we have found that the instrument has a similar senand B were the only halogens detected - BrCl, and
sitivity, 1-3 counts/pptv/sec, to all of the above species wherBrNO, were never reproducibly detected, and the absolute
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Fig. 2. An example experimental time series showing calibrated ionFig. 3. The dependence of halogen products on the relative con-
signals in mixing ratio units (pptv) during which a halide-doped centration of chloride and bromide in the agueous solution used to
ice surface was repeatedly exposed t0Y. NoOsg signal (black form the ice-poated flow.tub.e. The error bars representdhaeli-
circles), is high when it is bypassing the ice surface, and loweration of multiple determinations at each CI:Br. The temperature of
during exposure. Upon exposing the ice surface $®# halo- the ice surface was 258 K, therefore precipitation effects are not ex-
genated species including CIN@blue crosses), and B(red line)  pected. Equal activation of CINCand Bg, occurs at approximately
are promptly produced with a total halogen yield pex reacted ~ 30:1 CI:Br. The reaction of N205 with liquid water is inferred to be
near unity. unimportant, consistent with the low mole fraction of®irelative

to the halides expected in the brine.

yields of CING and Bk, determined from the calibrated sig- 3.1 Product dependence on the CIl:Br mole ratio
nal changes, were essentially always large enough to account
for all N2Os reacted within experimental error. The halogen There have been relatively few studies of the direct compe-
yields obtained under various conditions and discussed betition between chloride and bromide ions for reaction with
low are determined from time traces such as this one. N2Os in agueous solutions (Behnke et al., 1997), and none
The apparatus used here was aimed at product determinae our knowledge in ice systems. We therefore varied the
tion and not reaction kinetics. Given the large diameter ofmole ratio of chloride to bromide ions (CI:Br) in the solutions
the ice tube and the operation of the flow reactor at atmo-used to create the ice surfaces and measured the various halo-
spheric pressure, we expect the rate gdlreaction on the  gen products that were released upon exposure@Nn
ice coated walls to be limited by gas-phase radial diffusionFig. 3 the absolute yields of the dominant gas phase products,
from the tube center to the walls. As a check on this ex-CINO, and Bk are shown as a function of the CI:Br in the
pectation, a set of experiments was conducted during whiclsolution that was frozen and held at 258 K. Each point rep-
the loss of NOs and production of halogens on a sea ice resents the average of several determinations at each Cl:Br
surface were monitored during incremental pullbacks of theratio, the error bar represents the deviation of points av-
injector, exposing more ice surface with each pullback (hoteraged. The total halogen yield pep® reacted remained
shown). The natural log of §Ds signal, averaged for a to- near unity at each CI:Br ratio tested and the only halogenated
tal of 6 decays on three separate ice tubes, as a function giroducts observed were CIN@nd Bp. At high CI:Br ratios,
injector position yielded an observed first order rate coeffi-typical of seawater~+650:1 CI:Br), CINGQ was the domi-
cientof 0.27+ 0.04 s°1, which is consistent with the 0.295 nant product of MOs reactions on sea ice, comprising es-
expected for diffusion-limited transfer from the tube center sentially 100 % of the total halogen yield. However, as the
to the wall (Rschl et al., 1998). For a reaction probability relative concentration of bromide increased; Broduction
per NbOs collision with the ice coated wally(N2Os), that increased at the expense of CIp@&t a CI:Br ratio of 30:1,
is >10~4, reaction at the wall becomes faster than diffusion Br, and CING were produced at nearly equal yield. Once
to the wall. As our data indicates diffusion limited loss, we the CI:Br ratio reached 1:1, CINQproduction was negligi-
can therefore only report 18 as lower limit to they (N2Os) ble and Bp comprised essentially 100 % of the total halogen
on synthetic sea ice. Hanson and Ravishankara (1991) megield.
suredy (N2Os) on pure water ice to be 0.02, consistent with ~ While not the focus of this work, we can discuss a possible
our lower limit. mechanism for MOs reactions in the brine layer of halide-
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T T — faster than the desorption of BrN@om the brine layer un-
] der the conditions of our experiments. That said, we cannot

neglect some conversion of BrN@ Br, in the~1 m length
of Teflon tubing between the flow reactor exit and our CIMS.

] Importantly, previous work has demonstrated that BsN&
o Br, ] acts efficiently to B on aqueous bromide solutions (Fickert
107k 5 CINO, | - etal., 1998; Frenzel et al., 1998; Schweitzer et al., 1998). For
] example, Fickert et al. (1998) showed that after 0.5 s of ex-

i: ] posure of CINQ to 1x 10~*M bromide solutions, Brwas

10 FO (o] o o 1

Normalized Yield

80 % of the products while BrNwas the remainder. Our
E interaction times (seconds) and bromide ion concentrations
] in the brines £~0.005 M) are generally much larger than
those of Fickert et al. especially at the lowest CI:Br ratios
= L o employed, suggesting that some combination of increases in
10’ D"util)or‘l Factor 10° the rates of Reactions (R3) and (R5) also occur upon decreas-
ing the CI:Br ratio in the frozen solutions.
Fig. 4. The normalized yields of products of the reaction of N205 .If we assume that pOs either reaf:ts W!th Chlo'_"de or bro-
on synthetic sea ice surfaces are plotted as a function of the dilutioinide to first make the corresponding nitryl halide, then our
factor applied to a standard seawater solution (CI:Br = 650:1) priorf€sults are consistent withrs ~30kr2 based on the CI:Br
to freezing. The absolute yields\ Ghajoged ASN,05) Measured at  ratio at which Bp production equals that of CINQand the
dilution factors>1 are normalized to the average total halogen yield assumption the CI:Br ratio in the solution that is frozen is
(~1) from multiple determinations on synthetic sea ice (dilution preserved in the resulting brine. Thaks might be larger
factor =1). A dilution factor of 1 corresponds to a salinity of 35 thankry is also consistent with the lower oxidation poten-
parts per thousand in the solution prior to freezing, while a dilution i3] of bromide ions relative to chloride (Haynes and Lide,
factor of 10 corresponds to 3.5 parts per thousand and so on. Th§011)_ BrCl was never observed in our system, which is also
results are consistent with the fact that as the ice freezes it rejecty  \isont with the results of Fickert et al. (1998) who found
the salts into a highly saline interface layer — the ionic composition - . .
of which is set by humidity and temperature. The error bars rep-no eVIden_ce for BrCl as a prodyct of Reactlon (R5) in aque-
resent the & deviation of multiple determinations in each dilution 9“5 solutions. To conclude this SeCt'on{ We note that there
factor bin. is a general correspondence between similar reactions stud-
ied in aqueous systems and the ice systems used here, which
suggests that the ice brines are to first order behaving simi-
doped ice systems. We assume the following reactions argarly to aqueous solutions, and that there are not large relative
occurring: changes in the relevant reaction rate constants with temper-
ature over the range of 258-298 K. In what follows, we use

~2|

10

+ —
N20s — NO; +NO3 (R1) these observations of product yields and their dependence on
_ the ClI:Br mole ratio as constraints to understanding how the
+

NOz +CI™ — CING, (R2) CI:Br ratios in the brines change with temperature.

NO{ +Br~ — BrNO, (R3) Th_e above ex_perlm_ents varleq the mgle rat_|0 o_f _Ch|0l’|de
relative to bromide prior to freezing, while maintaining the

NOZ + Hy0 — HNOz + H* (R4) total ion activity s_|m|Iar to thgt of sea water. We also tes_ted
the effect of diluting the initial synthetic seawater solution

CINO; +Br~ — BrNO, + CI~ (R5) (650:1 CI:Br) with pure DI water prior to freezing, and found
no significant changes<@25 %) in the total halogen yield

BrNO2 +Br~ — Brz +NO; (R6)  with dilution factors of up to 100. The results are shown in

Fig. 4 and are consistent with the fact that as the ice freezes it
We have no evidence for the formation of the §I(D1ter— rejects the salts into a highly saline interface layer. To better
mediate. Its formation (R1f) and loss (R1r, R2, R3, or R4)isolate the effect of dilution and reduce noise likely due to
may occur as one concerted reaction with nucleophilic at-day-to-day calibration drifts, the absolute yields for a given
tack of an electron-deficient nitrogen in the already solvateddilution factor are normalized by the average total halogen
N2Os, which we designate as I\QO Previous work in aque- yield determine on synthetic sea ice (dilution factor 1). Upon
ous solutions suggests thiaks < 100 Rro) (Behnke etal., freezing and as the temperature is lowered further the liquid
1997). BrNQ was not detected from our ice tubes. How- water concentration (mass fraction) in the remaining solu-
ever, we were able to produce and detect it via conversioriion is greatly reduced such that the reaction gO¥ on the
of Bro on a NaNQ salt bed, albeit with less reproducibility brine interface layer primarily produces halogen products ap-
as for CINQ. Therefore, the rate of Reaction (R6) may be parently even when freezing a very dilute salt solution. This
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1.25 ; ; ; ; ; theory have assumed or sought thermodynamic equilibrium
(Koop et al., 2000; Morin et al., 2008).
To examine the above issues, we use the Cl:Br dependent
% T product yield from the NOs reaction on halide-doped ices
% held at 258 K (Fig. 3) as a guide for interpreting changes in
075k | the product yield as the ice temperature is decreased from
' v Total Yield 255K to 220 K. Changes in the product yields are then in-
O Br, terpreted as being due to temperature induced changes in the
o5k o CINO, i Cl:Br ratio of the corresponding brine. We performed two
sets of experiments in this regard. In the first, we simply froze
synthetic seawater solutions to different temperatures and ex-
0.25[ 7 posed them to PDs. In the second set of experiments, we
o further enhanced the bromide content of the seawater solu-
g , ©9 80 9 2 . . 5 8 . ° tion so that we started with CI:Br mole ratios of 100:1, 50:1,
%o -45 -40 -35 -30 -25 -20 and 30:1. These solutions were then each frozen at different
Temperature (°C) temperatures and exposed tods.
In Figure 5, we show the product yields pes®§ lost on

Fig. 5. Halogen product yields are plotted as a function of ice tem- . . o . .
perature. The error bars are one sigma standard deviations in thfe(Ozen synthetic sea water solutions (CI:Br=650:1) at vari-

temperature bins. The same synthetic seawater solution (salinity 0PUS temperatures. CINOvas the dominant product across
35 parts per thousand and Cl:Br of 650:1) was used to make the iche entire temperature range examined for this system and
in all cases. No significant changes in halogen products is observe@nly trace bromine containing products were observed. The
across the temperature range studied, as is consistent with the cordominance of CIN@ can be attributed to the high concen-
petitive mechanism (shown in Fig. 3) because the CI:Br mole ratiotration of chloride relative to bromide in the initial solution,
in the corresponding brines theoretically remains albe$60:1. on the order of 650:1. Moreover, even after NaGiZHand
MgCl212 H,O have precipitated from the brine at tempera-
tures below 238K, the CI:Br mole ratio in the brine is still
result suggests that even ice or snow samples that are rela-100:1 for sea water (Koop et al., 2000; Morin et al., 2008).
tively dilute in halide content relative to total water equiva- Based on the competitive mechanism illustrated in Fig. 3
lent of the snow may still drive the halogen yield frora®§ above, CINQ should remain the dominant product even at
reactions to unity if the brines remain accessible at the ice-aithese conditions. Therefore, to increase the systems sensitiv-

Yield

interface. ity to changing temperature, we examined the temperature
dependence of brines having higher initial bromide content.
3.2 Product dependence on temperature The results from a series of initial Cl:Br mole ratios of

100:1, 50:1 and 30:1, subjected to varying temperatures are
The ionic content of brine layers formed when seawatershown in Fig. 6. For clarity, the data were averaged into
freezes is known to be a function of temperature. As temperequal-point temperature bins, and the vertical error bars are
ature decreases past the freezing point of water in the halidés deviations about the average yields for each bin. The hor-
salt solution, water ice precipitates enhancing the ionic con-4zontal error bars represent the estimated accuracy of our ice
tent of the remaining brine (Lodge et al., 1956). As temper-temperature measurements (see methods). The standard de-
ature decreases further various salt hydrates precipitate, idiation of temperatures probed in a given bin is on the order
particular, NaCI2HO and MgCy12H,0 precipitate out of  of the size of the data points. This bin averaging inevitably
the brine at temperatures of 250 and 235 K respectively (Marsmears across some sharp transitions, and we more fully test
ion and Farren, 1999; Morin et al., 2008; Richardson, 1976;all the data in a subsequent section (Fig. 7). Ice tubes from
Sander et al., 2006; Sander and Morin, 2010). The precipithese solutions were placed into the flow tube reactor initially
tation of chloride salts changes the relative concentration oheld at a temperature near 260 K, and then cooled to a given
chloride to bromide in the brine layer. At a temperature of temperature. The ice was then exposed $O§to determine
230K, freezing and precipitation processes result in an enthe product yields, and the process was repeated for different
hanced net concentration of bromide ions such that the Cl:Btemperatures with the same starting solution, and then this
ratio in frozen seawater decreases from 650:1 to 100:1 (Koompproach was repeated again for different starting solutions,
et al., 2000; Morin et al., 2008). However, there is limited usually on separate days. In each panel of Fig. 6, we show
evidence that multiphase chemistry which might occur in thethe yield of CING, Br,, and the total halogen yield (sum of
ice brines is sensitive to such changes. Moreover, it is use€INO; and Bp). Here we focus on the relative changes be-
ful to have an independent verification that such temperatween CINGQ and Bg for a given ratio of CI:Br. For an initial
ture dependent composition changes occur generally and argarting ratio of 100:1 CI:Br (far right panel), CIN@nd Bg
not kinetically limited in some way as most experiments andare both produced at the approximate ratio expected from the
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Fig. 6. Halogen product yields are plotted versus ice temperature for three different starting solutions. The vertical error bars represent the
1o deviation of the yields from multiple determinations and the horizontal error bars &i¢ (see methods) representing the estimated

ice temperature accuracy. The initial solutions are synthetic seawater with additional bromide to enhance the starting Cl:Br mole ratio to be
100:1, 50:1, and 30:1. Cooling the ices formed from the various initial solutions below the temperatures at which precipitation of®aCI2H

and MgCbh12H,0 occurs led to enhanced production obBeyond that expected from the initial Cl:Br ratio. This result is consistent with

a decrease in the CI:Br ratio of the brine layer due to precipitation of the chloride containing salts at temperatures below 250 K.

data in Fig. 3. Upon cooling to near the NaCE® precipi-
tation temperature, there is no corresponding increasesin Br
yields. Starting with a 50:1 CI:Br solution (middle panel),
CINO; is again the dominant product above the NaGeH
10 ] precipitation temperature, but upon cooling the ice tube walls
to below 245K, By is preferentially activated by the reac-
tion N2Os. Similarly, using a 30:1 CI:Br solution, the yields
o of CINO; and Bp are nearly equal above the NaCIZbi
precipitation temperature and Bs again preferentially pro-
> a duced at colder temperatures and to a larger extent than for
o B the 50:1 CI:Br ices. These results are consistent both with the
o observations made by varying CI:Br in ices at one tempera-
0% N ture (258 K), shown in Fig. 3, and with the expected changes
of the CI:Br in ice brines due to precipitation of chloride
containing salts at temperatures below 250K (Morin et al.,
o 0 2008).
Expected CI/Br Ratio We end this section with a discussion of the extent to
) o o ) which we obtained closure between observed and predicted
Fig. 7. The CLBr ratio in the brine interface layer inferred from our o, 50465 in brine composition with temperature. We use the
observations (Figs. 3 and 6) is plotted versus CI:Br ratio predicted

from a thermodynamic model of the temperature-dependent brineObserVed product yields determined at various temperatures

composition for the conditions tested in our experiment. See text(':ig' 6) and the yield dependence on the CI:Br mole ratio

for details. The two estimates are broadly explained by a 1:1 relad€términed from Fig. 3 to infer the CI:Br ratio of the brines
tionship (shown as solid line). at different temperatures. We then compared these “inferred”

CI:Br ratios to those expected based on the initial Cl:Br of

ooo

Inferred CI/Br Ratio

Atmos. Chem. Phys., 12, 5235247, 2012 www.atmos-chem-phys.net/12/5237/2012/



F. D. Lopez-Hilfiker et al.: Temperature dependent halogen activation 5245

the starting solutions and the bromide enrichment factor a€dited by: R. McLaren
a function of temperature from the thermodynamic model of
Morin et al. (2008). The results are scattered in Fig. 7, and
generally fall along a 1:1 line, suggesting that we reasonably
understand and can predict the availability and competitionRG]cerenCes
of halide ions in the brine interfacg layer a§ .a. functiop of Abbatt, J. P. D.: Heterogeneous Reaction Of HOBr With HBr And
temperature and the bulk CI:Br ratio of the initial solution. "~ ,~ 5 |ce Surfaces At 228-K, Geophys. Res. Lett., 21, 665—
Nonetheless, the actual situation in environmental ice sys- ggg 1994
tems may be more complex due in part to brine movemenfappatt, J. P. D. and Molina, M. J.: Heterogeneous Interactions Of
through the snowpack and sea ice, and freeze-thaw cycles. CIONO, And HCI On Nitric-Acid Trihydrate At 202-K, J. Phys.
Chem.-Us., 96, 7674-7679, 1992.
Barrie, L. and Platt, U.: Arctic tropospheric chemistry: an overview,

4 Conclusions Tellus B, 49, 450-454, 1997.
) ) Behnke, W., George, C., Scheer, V., and Zetzsch, C.: Production
We have demonstrated that the reaction eOblon halide- and decay of CIN@, from the reaction of gaseous;8s with

doped ice surfaces produces reactive halogen atom precur- NaCl solution: Bulk and aerosol experiments, J. Geophys. Res.-
sors at near unit yield across a broad range of compositions Atmos., 102, 3795-3804, 1997.

and temperatures. We find that for CI:Br mole ratios in the re-Bertram, T. H. and Thornton, J. A.: Toward a general parameteriza-
sulting ice brine greater than about 30:1, CINi®the dom- tion of N2Os reactivity on agueous particles: the competing ef-
inant product, while below this threshold Bis the domi- fects of particle liquid vyater, nitrate and chloride, Atmos. Chem.
nant product. Furthermore, the temperature dependence of Phys., 9, 8351-8368l0i:10.5194/acp-9-8351-2002009. .
the halogen product yields was found to be consistent with ertram, T. H., Thornton, J. A, and Riedel, T. P.. An experi-

- . e . . mental technique for the direct measurement @ON reac-
expectations that.the brine composition, and in particular the tivity on ambient particles, Atmos. Meas. Tech.. 2, 231-242,
CI:Br'moIe ra}tlp, is temperatqre depenplgnt due to the pref- doi-10.5194/amt-2-231-2002009.
erential precipitation of chloride containing salts from the gottenheim, J. W., Barrie, L. A., Atlas, E., Heidt, L. E., Niki,
brine at temperatures less than 250K. The CI:Br mole ra- H., Rasmussen, R. A., and Shepson, P. B.: Depletion Of Lower
tio can vary downwind of sea salt sources and with depth in  Tropospheric Ozone During Arctic Spring — The Polar Sunrise
a snowpack (Simpson et al., 2007b), thugdy has the po- Experiment 1988, J. Geophys. Res.-Atmos., 95, 18555-18568,
tential to activate bromine or chlorine depending on the ex- 1990.
act composition of the halide-doped ice. As acid depositionBOUdr_iesa H. and Bottenheim, J. W.: Cl and Br atom concentrgtions
and alkalinity precipitation can lead to actual environmental during a surface boundary layer ozone depletion event in the
brines that are acidic (Sander et al., 20060y reactions on Canadian high Arctic, Geophys. Res. Lett., 27, 517-520, 2000.

snowpacks or lofted ice particles may in fact be a €urce Ca:s: dgr’BA.' \Eaiai;zssrg?ﬁt ;Q"’)Oi?]t;e:;ﬁ)?ég .pvr\(/).t’):sn ifshr:]g:
via conversion of CIN@ (Roberts et al., 2008). T

o . L gen atom chemistry in the Arctic, Atmos. Chem. Phys., 8, 1737—
Our findings have implications not only for the source of 1750,doi:10.5194/acp-8-1737-2008008.

halogen atoms from $0s chemistry but also for polar halo-  cno, H., Shepson, P. B., Barrie, L. A., Cowin, J. P., and Zaveri, R.:
gen activation chemistry, generally. Thaz®§ reactions on NMR investigation of the quasi-brine layer in ice/brine mixtures,
halide-doped ice systems produce halogen atom precursors atJ. Phys. Chem. B, 106, 11226-1128®;j:10.1021/Jp020449+
high yield should be explored in models of Arctic chemistry, 2002.
especially for springtime conditions in the presence of ni-Evans, M. J., Jacob, D. J,, Atlas, E., Cantrell, C. A., Eisele, F.,
trate and halide containing snowpacks where sunlight-driven Flocke, F., Fried, A., Mauldin, R. L., Ridley, B. A., Wert, B., Tal-
emission of NQ from the snowpacks will lead to 205 for- bot, R., Blake, D., .He'keslv B., STOY"' J-'fwa'e?a' J., Weinheimer,
mation above and within the snowpack during night and per- A J-» and Dibb, J.: Coupled evolution of BfaLIOx-HO«-NOx

. . . . chemistry during bromine-catalyzed ozone depletion events in
haps during the day depending the exact chemical and radia- .
. . . . the arctic boundary layer, J. Geophys. Res.-Atmos., 108, 8368,
tion fields. Our results are also likely applicable to salty snow 2003
and ice surfaces located in mid-latitude urban areas Wher?‘ickert, S., Helleis, F., Adams, J. W., Moortgat, G. K., and Crowley,

higher levels of NQ are present and the deposition of®¢ J. N.: Reactive uptake of CINQon aqueous bromide solutions,
to such surfaces could present a persistent wintertime source J. phys. Chem. A., 102, 10689-10696, 1998.
of chlorine atoms even in continental regions. Finlayson-Pitts, B. J.: Halogens in the Troposphere, Anal. Chem.,

82, 770-776¢0i:10.1021/Ac9014782010.
Foster, K. L., Plastridge, R. A., Bottenheim, J. W., Shepson, P. B.,
Acknowledgementsie would like to thank V. Faye McNeill for Finlayson-Pitts, B. J., and Spicer, C. W.: The role of Bnd
her initial work on the project. We thank the Camille and Henry  BrCl in surface ozone destruction at polar sunrise, Science, 291,
Dreyfus Foundation for providing a fellowship for J. Kercher, and  471-474, 2001.
a grant from NSF-ATM CAREER 0846183. Frenzel, A., Scheer, V., Sikorski, R., George, C., Behnke, W., and
Zetzsch, C.: Heterogeneous interconversion reactions of BfNO

www.atmos-chem-phys.net/12/5237/2012/ Atmos. Chem. Phys., 12, 55247, 2012


http://dx.doi.org/10.5194/acp-9-8351-2009
http://dx.doi.org/10.5194/amt-2-231-2009
http://dx.doi.org/10.5194/acp-8-1737-2008
http://dx.doi.org/10.1021/Jp020449+
http://dx.doi.org/10.1021/Ac901478p

5246 F. D. Lopez-Hilfiker et al.: Temperature dependent halogen activation

CINOy, Brp, and Cb, J. Phys. Chem. A, 102, 1329-1337, 1998. N>Os to aqueous aerosol, Atmos. Chem. Phys., 6, 1635-1644,
Grannas, A. M., Bausch, A. R., and Mahanna, K. M.: Enhanced doi:10.5194/acp-6-1635-2008006.

aqueous photochemical reaction rates after freezing, J. PhydMichalowski, B. A., Francisco, J. S., Li, S. M., Barrie, L. A., Bot-

Chem. A, 111, 11043-11049, 2007. tenheim, J. W., and Shepson, P. B.: A computer model study of
Hanson, D. R. and Ravishankara, A. R.: The Reaction Probabilities multiphase chemistry in the Arctic boundary layer during polar

of CIONGO, and NbOg on Polar Stratospheric Cloud Materials, J.  sunrise, J. Geophys. Res.-Atmos., 105, 1513115145, 2000.

Geophys. Res.-Atmos., 96, 5081-5090, 1991. Mielke, L. H., Furgeson, A., and Osthoff, H. D.: Observation of

Haynes, W. M. and Lide, D. R.: CRC Handbook, edited by: Haynes, CINO, in a Mid-Continental Urban Environment, Environ. Sci.
W. M. and Lide, D. R., CRC Press, Boca Raton, USA, 2011. Technol., 45, 8889-88960i:10.1021/Es2019552011.

Honrath, R. E., Peterson, M. C., Guo, S., Dibb, J. E., Shepson, P. BMorin, S., Marion, G. M., von Glasow, R., Voisin, D., Bouchez, J.,
and Campbell, B.: Evidence of NQproduction within or upon and Savarino, J.: Precipitation of salts in freezing seawater and
ice particles in the Greenland snowpack, Geophys Res. Lett., 26, ozone depletion events: a status report, Atmos. Chem. Phys., 8,
695698, 1999. 7317-7324¢0i:10.5194/acp-8-7317-2008008.

Jobson, B. T., Niki, H., Yokouchi, Y., Bottenheim, J., Hopper, F., Neuman, J. A., Nowak, J. B., Huey, L. G., Burkholder, J. B., Dibb,
and Leaitch, R.: Measurements of C-2-C-6 Hydrocarbons during J. E., Holloway, J. S., Liao, J., Peischl, J., Roberts, J. M., Ryer-
the Polar Sunrise 1992 Experiment — Evidence for Cl Atom and son, T. B., Scheuer, E., Stark, H., Stickel, R. E., Tanner, D. J.,
Br Atom Chemistry, J. Geophys. Res.-Atmos., 99, 25355-25368, and Weinheimer, A.: Bromine measurements in ozone depleted
1994. air over the Arctic Ocean, Atmos. Chem. Phys., 10, 6503-6514,

Jones, A. E., Anderson, P. S., Begoin, M., Brough, N., Hutterli, M. doi:10.5194/acp-10-6503-20,12010.

A., Marshall, G. J., Richter, A., Roscoe, H. K., and Wolff, E. W.: Oltmans, S. J., Schnell, R. C., Sheridan, P. J., Peterson, R. E., Li,
BrO, blizzards, and drivers of polar tropospheric ozone depletion S. M., Winchester, J. W., Tans, P. P., Sturges, W. T., Kahl, J.
events, Atmos. Chem. Phys., 9, 4639-468@;10.5194/acp-9- D., and Barrie, L. A.: Seasonal Surface Ozone and Filterable
4639-20092009. Bromine Relationship in the High Arctic, Atmos. Environ., 23,

Kalnajs, L. E. and Avallone, L. M.: Frost flower influence on spring- 2431-2441, 1989.
time boundary-layer ozone depletion events and atmospheri®iot, M. and von Glasow, R.: The potential importance of frost
bromine levels, Geophys. Res. Lett., 33, 2006. flowers, recycling on snow, and open leads for ozone depletion

Keil, A. D. and Shepson, P. B.: Chlorine and bromine atom ratios in  events, Atmos. Chem. Phys., 8, 2437—-24&a1;10.5194/acp-8-
the springtime Arctic troposphere as determined from measure- 2437-20082008.
ments of halogenated volatile organic compounds, J. GeophysPoschl, U., Canagaratna, M., Jayne, J. T., Molina, L. T., Worsnhop,

Res.-Atmos., 111, D17303, 2006. D. R., Kolb, C. E., and Molina, M. J.: Mass accommodation
Kercher, J. P., Riedel, T. P., and Thornton, J. A.: Chlorine activation coefficient of SO, vapor on aqueous sulfuric acid surfaces

by NoOs: simultaneous, in situ detection of CINGnd N>Osg and gaseous diffusion coefficient 0pH0O, in No/H20, J. Phys.

by chemical ionization mass spectrometry, Atmos. Meas. Tech., Chem. A, 102, 10082-10089, 1998.

2, 193-204d0i:10.5194/amt-2-193-2002009. Richardson, C.: Phase relationship in sea ice as a function of tem-

Koop, T., Kapilashrami, A., Molina, L. T., and Molina, M. J.: Phase  perature, J. Glaciol., 17, 507-519, 1976.
transitions of sea-salt/water mixtures at low temperatures: Impli-Roberts, J. M., Osthoff, H. D., Brown, S. S., and Ravishankara, A.
cations for ozone chemistry in the polar marine boundary layer, R.: N»Os oxidizes chloride to Glin acidic atmospheric aerosol,

J. Geophys. Res.-Atmos., 105, 26393—-26402, 2000. Science, 321, 1059-10580i:10.1126/science.11587,72008.

Liao, J., Sihler, H., Huey, L. G., Neuman, J. A., Tanner, D. J., Roberts, J. M., Osthoff, H. D., Brown, S. S., Ravishankara, A. R.,
Friess, U., Platt, U., Flocke, F. M., Orlando, J. J., Shepson, P. Coffman, D., Quinn, P., and Bates, T.: Laboratory studies of
B., Beine, H. J., Weinheimer, A. J., Sjostedt, S. J., Nowak, J. B., products of NOs uptake on CI containing substrates, Geophys.
Knapp, D. J., Staebler, R. M., Zheng, W., Sander, R., Hall, S. R., Res. Lett., 36, L20808&]0i:10.1029/2009g1040442009.
and Ulimann, K.: A comparison of Arctic BrO measurements by Sander, R. and Morin, S.: Introducing the bromide/alkalinity ratio
chemical ionization mass spectrometry and long path-differential  for a follow-up discussion on “Precipitation of salts in freezing
optical absorption spectroscopy, J. Geophys. Res.-Atmos., 116, seawater and ozone depletion events: a status report”, by Morin
doi:10.1029/2010jd01478®00r02, 2011. et al., published in Atmos. Chem. Phys., 8, 7317-7324, 2008,

Lodge, J. P., Baker, M. L., and Pierrard, J. M.: Observations On lon Atmos. Chem. Phys., 10, 7655—-76%®j:10.5194/acp-10-7655-
Separation In Dilute Solutions By Freezing, J. Chem. Phys., 24, 201Q 2010.

716-719, 1956. Sander, R., Burrows, J., and Kaleschke, L.: Carbonate precipitation
Marion, G. M. and Farren, R. E.: Mineral solubilities in the Na-  in brine — a potential trigger for tropospheric ozone depletion
K-Mg-Ca-CI-Sg;-Ho0O system: A re-evaluation of the sulfate events, Atmos. Chem. Phys., 6, 4653—-4688;10.5194/acp-6-

chemistry in the Spencer-Moller-Weare model, Geochim. Cos- 4653-20062006.
mochim. Ac., 63, 1305-1318, 1999. Schweitzer, F., Mirabel, P., and George, C.: Multiphase chemistry of

McConnell, J. C., Henderson, G. S., Barrie, L., Bottenheim, J., N»Os, CINO,, and BrNG, J. Phys. Chem. A, 102, 3942-3952,
Niki, H., Langford, C. H., and Templeton, E. M. J.: Photochem-  1998.
ical Bromine Production Implicated In Arctic Boundary-Layer Simpson, W. R., Alvarez-Aviles, L., Douglas, T. A., Sturm, M.,
Ozone Depletion, Nature, 355, 150-152, 1992. and Domine, F.: Halogens in the coastal snow pack near

McNeill, V. F., Patterson, J., Wolfe, G. M., and Thornton, J. A.: The  Barrow, Alaska: Evidence for active bromine air-snow chem-
effect of varying levels of surfactant on the reactive uptake of istry during springtime, Geophys. Res. Lett., 32, L04811,

Atmos. Chem. Phys., 12, 5235247, 2012 www.atmos-chem-phys.net/12/5237/2012/


http://dx.doi.org/10.5194/acp-9-4639-2009
http://dx.doi.org/10.5194/acp-9-4639-2009
http://dx.doi.org/10.5194/amt-2-193-2009
http://dx.doi.org/10.1029/2010jd014788
http://dx.doi.org/10.5194/acp-6-1635-2006
http://dx.doi.org/10.1021/Es201955u
http://dx.doi.org/10.5194/acp-8-7317-2008
http://dx.doi.org/10.5194/acp-10-6503-2010
http://dx.doi.org/10.5194/acp-8-2437-2008
http://dx.doi.org/10.5194/acp-8-2437-2008
http://dx.doi.org/10.1126/science.1158777
http://dx.doi.org/10.1029/2009gl040448
http://dx.doi.org/10.5194/acp-10-7655-2010
http://dx.doi.org/10.5194/acp-10-7655-2010
http://dx.doi.org/10.5194/acp-6-4653-2006
http://dx.doi.org/10.5194/acp-6-4653-2006

F. D. Lopez-Hilfiker et al.: Temperature dependent halogen activation 5247

doi:10.1029/2004GL021748, 2005. Thornton, J. A. and Abbatt, J. P. D.:2R5 reaction on submicron
Simpson, W. R., Carlson, D.,dthninger, G., Douglas, T. A., Sturm, sea salt aerosol: Kinetics, products, and the effect of surface ac-
M., Perovich, D., and Platt, U.: First-year sea-ice contact predicts tive organics, J. Phys. Chem. A, 109, 10004-10012, 2005.
bromine monoxide (BrO) levels at Barrow, Alaska better than Thornton, J. A., Kercher, J. P., Riedel, T. P., Wagner, N. L., Cozic,
potential frost flower contact, Atmos. Chem. Phys., 7, 621-627, J., Holloway, J. S., Dube, W. P., Wolfe, G. M., Quinn, P. K., Mid-
doi:10.5194/acp-7-621-2002007. dlebrook, A. M., Alexander, B., and Brown, S. S.: A large atomic
Simpson, W. R., von Glasow, R., Riedel, K., Anderson, P., Ariya, chlorine source inferred from mid-continental reactive nitro-
P., Bottenheim, J., Burrows, J., Carpenter, L. J., Frie3, U., Good- gen chemistry, Nature, 464, 271-2¢4j:10.1038/Nature08905
site, M. E., Heard, D., Hutterli, M., Jacobi, H.-W., Kaleschke, 2010.
L., Neff, B., Plane, J., Platt, U., Richter, A., Roscoe, H., Sander,Yang, X., Pyle, J. A., and Cox, R. A.: Sea salt aerosol production
R., Shepson, P., Sodeau, J., Steffen, A., Wagner, T., and Wolff, and bromine release: Role of snow on sea ice, Geophys Res.
E.: Halogens and their role in polar boundary-layer ozone de- Lett., 35,d0i:10.1029/200891034536.16815, 2008.
pletion, Atmos. Chem. Phys., 7, 4375-4448i:10.5194/acp-7- Yang, X., Pyle, J. A., Cox, R. A., Theys, N., and Van Roozen-
4375-20072007. dael, M.: Snow-sourced bromine and its implications for po-
Spicer, C. W., Plastridge, R. A., Foster, K. L., Finlayson-Pitts, B. J., lar tropospheric ozone, Atmos. Chem. Phys., 10, 7763-7773,
Bottenheim, J. W., Grannas, A. M., and Shepson, P. B.: Molec- doi:10.5194/acp-10-7763-201P010.
ular halogens before and during ozone depletion events in thehao, T. L., Gong, S. L., Bottenheim, J. W., McConnell, J.
Arctic at polar sunrise: concentrations and sources, Atmos. Env- C., Sander, R., Kaleschke, L., Richter, A., Kerkweg, A,
iron., 36, 2721-2731, 2002. Toyota, K., and Barrie, L. A.: A three-dimensional model
Tarasick, D. W. and Bottenheim, J. W.: Surface ozone depletion study on the production of BrO and Arctic boundary layer
episodes in the Arctic and Antarctic from historical ozonesonde ozone depletion, J. Geophys. Res.-Atmos., 113, D24304,
records, Atmos. Chem. Phys., 2, 197-286j:10.5194/acp-2- doi:10.1029/2008jd010632008.
197-20022002.

www.atmos-chem-phys.net/12/5237/2012/ Atmos. Chem. Phys., 12, 55247, 2012


http://dx.doi.org/10.5194/acp-7-621-2007
http://dx.doi.org/10.5194/acp-7-4375-2007
http://dx.doi.org/10.5194/acp-7-4375-2007
http://dx.doi.org/10.5194/acp-2-197-2002
http://dx.doi.org/10.5194/acp-2-197-2002
http://dx.doi.org/10.1038/Nature08905
http://dx.doi.org/10.1029/2008gl034536
http://dx.doi.org/10.5194/acp-10-7763-2010
http://dx.doi.org/10.1029/2008jd010631

