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Abstract. Episodes of high bromine levels and surface ozonebromine. The results strongly suggest that reactive bromine
depletion in the springtime Arctic are simulated by an onlineis released ubiquitously from the snow on the sea ice dur-
air-quality model, GEM-AQ, with gas-phase and heteroge-ing the Arctic spring while the timing and location of the
neous reactions of inorganic bromine species and a simpléromine release are largely controlled by meteorological fac-
scheme of air-snowpack chemical interactions implementedors. It appears that a rapid advection and an enhanced turbu-
for this study. Snowpack on sea ice is assumed to be théent diffusion associated with strong boundary-layer winds
only source of bromine to the atmosphere and to be capabldrive transport and dispersion of ozone to the near-surface
of converting relatively stable bromine species to photola-air over the sea ice, increasing the oxidation rate of bromide
bile Br, via air-snowpack interactions. A set of sensitivity (Br™) in the surface snow. Also, if indeed the surface snow-
model runs are performed for April 2001 at a horizontal res-pack does supply most of the reactive bromine in the Arc-
olution of approximately 100 kix100 km in the Arctic, to  tic boundary layer, it appears to be capable of releasing re-
provide insights into the effects of temperature and the agective bromine at temperatures as high-a0°C, particu-
(first-year, FY, versus multi-year, MY) of sea ice on the re- larly on the sea ice in the central and eastern Arctic Ocean.
lease of reactive bromine to the atmosphere. The model simBynamically-induced BrO column variability in the lower-
ulations capture much of the temporal variations in surfacemost stratosphere appears to interfere with the use of satellite
0zone mixing ratios as observed at stations in the high ArcticBrO column measurements for interpreting BrO variability
and the synoptic-scale evolution of areas with enhanced BrGn the lower troposphere but probably not to the extent of to-
column amount (“BrO clouds”) as estimated from satellite tally obscuring “BrO clouds” that originate from the surface
observations. The simulated “BrO clouds” are in modestly snow/ice source of bromine in the high Arctic. A budget
better agreement with the satellite measurements when thanalysis of the simulated air-surface exchange of bromine
FY sea ice is assumed to be more efficient at releasing reeompounds suggests that a “bromine explosion” occurs in
active bromine to the atmosphere than on the MY sea icethe interstitial air of the snowpack and/or is accelerated by
Surface ozone data from coastal stations used in this studiieterogeneous reactions on the surface of wind-blown snow
are not sufficient to evaluate unambiguously the differencein ambient air, both of which are not represented explicitly
between the FY sea ice and the MY sea ice as a source dh our simple model but could have been approximated by a

parameter adjustment for the yield ofBrom the trigger.
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1 Introduction from the snowpack to the atmosphefaiig and McConnell
1996 Michalowski et al, 200Q Lehrer et al.2004):
During the spring after complete darkness in the winter,

boundary-layer air over Arctic sea ice and its surroundingHOBr+Br~ H; Bro+H>0 (R4)
coastal areas experiences a frequent occurrence of ozone
depletion events (ODEs) from background levets3Q—  BrONO2+Br~ — Bra+NO3 (RS)

40 nmolmot 1) to below 5-10 nmol moi! and sometimes
even below experimental detection limits{ nmol mot1)
(Oltmans 1981, Bottenheim et a).1986 2002 2009 Sol-
berg et al. 1996 Hopper et al. 1998 Tarasick and Bot-
tenheim 2002. The ODEs are generally accompanied by
a significant increase in gaseous and/or particulate bromine

where HOBr and BrON@ are reproduced via gas-phase
chemistry in the atmosphere and presumably in the snowpack
interstitial air as well, subsequent to the photolysis of Br
(ReactionR3) and the production of BrO via ReactioRY):

concentrations Rarrie et al, 1988 Oltmans et al. 1989 BrO4+HO, - HOBr+0» (R6)
Li et al, 1994. The detection of BrO radicals as high as
30 pmol mot? in the near-surface air provided compelling BrO-+NO2+M — BrONG; +M. (R7)

evidence for bromine radical chemistry that depletes ozone ir]I'hese reactions constitute an autocatalytic cycle of releas-

i(;\g;)r.al daysi{ausmann and Plat1994 Tuckermann et al. ing bromine from the snowpack to the atmosphere, called
' “bromine explosion” \Wennberg1999, which continues un-
til the production of HOBr and/or BrON&diminishes after
Br4+0O3 — BrO+0O R1 . . "
T 02 (R1) ozone is depleted and is then taken over by the deposition of
inactive bromine species perhaps in the form of gaseous HBr

BrO+BrO— {é?r:gz (R2) and particulate Br back to the snowpack. The strong sur-
22 face wind also generates drifting and/or blowing snow parti-
Bro-+hv — 2Br. (R3) cles detached from the surface snowpack and thereby facili-

tates the bromine explosion via an increased exposure of the

. saline snow surface to ambient air in the near-surface bound-
The boundary-layer ODEs also take place over seaice aroun

. ry layer Jones et al2009.

the Antarctica \((urganov_ 1990 Murayam_a et a). 1992 The chemistry of By release from salty snow/ice (Reac-
Wessel et a).1998 Tarasick and Bottenhein2002, where . . L

. ) : tions R4-R5) often involves Ct, which is more abundant
the increase of 10 radicals to about 20 pmol mahlong with han Br i ter by about 650 ti le fracti
BrO radicals indicates a synergistic effect of bromine and io-t a:jn Ir n sre1awa er by abou K |_me"s (ES mole racdlon)
dine radical chemistry on the ozone loksd€her et al.1997, a][] aso ”:jt Ny Arctic snowggg _mca y yl 22t803 orders
FrieR et al, 2001, 2004 Saiz-Lopez et al2007 Sctinhardt givg‘%%g'lt::aﬁ'm;‘?gtitp"f“' 5 Millero et al, 2008, to
et al, 2008. In the Arctic, the impact of iodine radical '
chemistry has been found to be rather limited in spatial
scale and in magnitud@ckermann et al1997 Schonhardt
et al, 2008 Mahajan et al.2010. Satellite measurements BrONO,+Cl~ — BrCl+NO; (R9)
have revealed that areas with enhanced BrO column amount,
called “BrO clouds”, occur extensively in the polar regions followed by halogen inter-exchange reactioAsigms et al.
of both hemispheres particularly during the spripénce  2002:
1998 Richter et al. 1998 Wagner and Platt1998 Wag- — — _
ner et al, 2001). This has been interpreted normally as a BrCl+Br = BroCl™ = Bra+CI™. (R10)
consequence of reactive bromine release from a vast area @& part of BrCl is released to ambient air before reacting
the polar ice/snow surface, but a recent studySajawitch  with Br~ in the snowpack and then undergoes photolysis to
et al. (2010 pointed to convolutions from BrO variability produce Cl-atoms along with Br-atomislichalowski et al,
above the near-surface boundary layer, especially that ass@00Q Foster et al.2001;, Spicer et al.2002. The Cl-atoms
ciated with dynamically-induced changes in the BrO columnaccount for a major part of the loss of hydrocarbons observed
amount near the tropopause. in the springtime Arctic boundary layer, but are believed to

Heterogeneous chemistry plays a critical role for the for- play a marginal role in ozone losgdbson et a.1994 Sol-

mation of reactive bromine in the polar boundary layer. With berg et al. 1996 Ramacher et gl1999.
a realization that the snowpack retains a significant amount One of the outstanding questions about reactive halogen
of bromide (Br) originated from seawater and accessible chemistry in the polar boundary layer is how the release
from the atmosphere especially when mediated by a windf halogens from the natural saline snow/ice surface is fa-
pumping McConnell et al. 1992, the following reactions cilitated at temperatures below the freezing point of wa-
have been proposed as key steps to a net release of bromimer and brine. For instance, from the long-term record of

.
HOBr+CI~ % Brcl+H,0 (R8)
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ozonesonde data obtained at several Arctic statidasa- enhanced BrO columns measured from the ground at Barrow,
sick and Bottenheim(2002 found boundary-layer ODEs Alaska. The age of sea ice as to whether it is first-year (FY)
(defined by [@]<10 nmol mot?) only when local air tem-  or multi-year (MY) can also be retrieved remotely from satel-
peratures dropped below20°C, whereaBottenheim et al.  lite (e.g.,Kwok, 2004). According toSimpson et al(20073,
(2009, during “frozen-in” shipboard measurements in the the FY sea ice is a better indicator for locating the source re-
ice-covered Arctic Ocean, observed partially depleted surgion of reactive bromine than the PFF, presumably because
face ozone levels (ca. 220 nmol mot1) at local air tem-  salinity is generally higher on the FY sea ice than on the MY
peratures as high as6°C. Sander et al(2006 suggested seaice.
an essential role of low temperature conditions for activating Readers may refer to thorough reviews®inpson et al.
the bromine chemistry in two ways: first, by carbonate pre-(2007f andGrannas et al(2007 on a range of issues and
cipitation from brine to titrate its alkalinity (more than 80 % findings regarding the ODEs and reactive halogen chemistry
of carbonate originally contained in seawater is estimated tdn the polar boundary layer as well as photochemistry in
precipitate when cooled down te8°C) so that the brine can  the snowpack releasing a variety of compounds to the atmo-
be acidified by a relatively small amount of acidic gas uptake,sphere. The springtime bromine chemistry is also important
and second, by shifting the equilibrium constants of Reacor the geochemical cycle of mercury in the polar regions
tions R10) towards the B formation. Morin et al. (2008,  (seeSteffen et al.2008 for a review). In this study, we fo-
however, argued that the carbonate precipitation should notus on the surface source problem with regard to the occur-
reduce the alkalinity of brine as proposed 8gnder et al.  rence of high bromine levels and ODEs in the Arctic spring.
(2006 (see also a follow-up study bander and Morin By using a three-dimensional online air-quality model that
2010. At least at temperatures above the freezing point ofincorporates bromine chemistry, it is shown that the ubiqui-
water, for the release of Band/or BrCl to occur via uptake tous occurrence of reactive bromine release initiated mainly
of gaseous HOBr, aqueous salt solutions need to be acidifiedn the FY sea ice accounts for surface ozone variability as
to pHs below 6.5 Fickert et al, 1999. On the other hand, observed at Arctic coastal stations and even the evolution of
Adams et al(2002 experimentally showed that the reactive “BrO clouds” as seen from satellite reasonably well, and that
uptake of HOBr onto frozen NaBr/NaCl solution results in they are altogether controlled by synoptic-scale meteorolog-
the Br, and/or BrCl release below-20°C even if the sub- ical forcing. We also look at a sensitivity of the simulation
strate is alkaline at room temperature before frozen. results on the choice of temperature below which reactive
Another important question that remains to be fully an- bromine release from the snowl/ice surface is turned on in the
swered is how halide anions such as Bare supplied to  model, to provide some insights into chemistry occurring in
the surface snow and made accessible from the atmosphethe snow across the Arctic.
across the polar regions. Fresh, growing sea ice entraps
brine, which is expelled from the ice during congelation,
and the salinity of brine increases with decreasing temper2 Model description
ature Steffen and DeMarial996 Light et al, 2003. Some
brine is also expelled onto the top of sea ice. Under someGEM-AQ is an online air-quality model that incorpo-
circumstances, the condensation of water vapor leads to gates gas-phase oxidant chemistry and size-resolved multi-
formation of intricate crystals called “frost flowers”, which component aerosol modules into a Canadian weather fore-
wick up salinity from the slurry surface of the sea ice and arecast model, GEM (Global Environmental Multiscale model).
then covered with drifting snow in several dafe(ovich and It has been used for simulating the regional-scale transport
Richter-Menge 1994. It has been suggested that the frost and microphysical evolution of aerosols released from forest
flowers themselves, either bound to the sea ice or suspendediles (O’Neill et al., 2006, the global distributions of HCN in
in the air after wind abrasion, provide a major source of re-the upper tropospheré&pu et al, 2009, and the formation
active bromine to the polar boundary layé&tapkin et al.  and transport of ozone in the lower troposphere during the
2002 Kaleschke et al.2004). Kaleschke et al(2004) pro- summer 2006 heat wave in Europg&tuzewska and Kamin-
posed an algorithm to diagnose the potential coverage of frostki, 2008§. The model has been evaluated also from a per-
flowers (called “potential frost flower”, or PFF) on sea ice spective of global tropospheric chemistigaminski et al,
across the polar regions by using satellite data of sea ice cor200§. Unless otherwise noted, the present model configura-
centrations and objective analyses of large-scale surface atfon is the same as describedkaminski et al(2008.
temperatures. Their algorithm predicts increased PFF values
with decreasing surface air temperatures particularly belon2.1  Numerical configuration
—20°C for a given formation rate of open/refreezing leads
in the sea iceSimpson et al(20073, however, showed that An important feature of the host GEM model is that it allows
the PFF data obtained by tialeschke et al(2004 algo- global simulations with variable resolution grids by zooming
rithm did not provide a good measure for locating the sourcea region of interest@dté et al, 1998. In this study, we run
of reactive bromine on Arctic sea ice to explain the origins of the model employing a global variable grid with a reasonably
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Table 1. Gas-phase, heterogeneous (on aerosols), and photolysis reactions of bromine species added to GEM-AQ forthis study.

No. Reaction Rate consté&nt Reference

Gas-phase reactions

G119 Br+Q—BrO (+Oy) k=1.7x10"1lexp—800/T) 1
G120 BrO+BrO- Br+Br (+Oy) k=27x10"12 1
G121 BrO+BrO— Bry (+O5) k=2.9x 10 1%exp840/T) 1
G122 BrO+NO— Br+NOy k=8.7x 10 12exp(260/T) 1
G123 Br+HG — HBr (+0y) k=7.7x10"12exp—450/T) 1
G124 Br+HCHOZHBr+CO+HO, k=7.7x 10~ 2exp(—580/T) 2
G125 Br+ALD22 HBr+ MCO3 k=18x101lexp—460/T) 2
G126 OH+HBr> Br (+H,0) k=5.5x 10~ 12exp(205/T) 1
G127 BrO+NGQ+M —BrONOy+M  kg=4.7x 10-31(7/300~3-1[Mm] 1d
koo =1.8x10"11 F.=04
G128 BrO+HQ — HOBr (+Oy) k=45x 10 12exp(500/T) 1
G129 BrO+MQ 2HCHO+0.75  k=57x10"12 3
xHOBr +0.25¢<Br + 0.25x HO,
Heterogeneous reactions on aerosols
G130 HOBr— 0.5xBro y=0.1 see Noté
G131 BrONGQ — HOBr+HNO; y=0.1 see Noté
G132 HBr— 0.5xBr; y=01 see Noté
Photolysis reactions
P20 BrO+h —Br+0 see Note
P21  Bp+hv— Br+Br see Notk
P22  HOBr+h — Br+OH see Notke
P23 BrONQ+hv — Br+NO3 see Noté

References: Atkinson et al.(2007); 2 Atkinson et al.(2006; 3 IUPAC (2005.

2 SeeKaminski et al.(200§ for the list of other reactions included in GEM-AQ.

b ALD2= CH3CHO and higher aldehydes, assumed to rea@lsCHO; MCO3 = CH3COg; andMOy = CH305.

€ The unit of the rate constants for gas-phase reactions (G119-129 matecule 1 s—1.

d SeeAtkinson et al(2007) for the formulation of the pseudo-second-order rate constant of the termolecular reaction (G127).

€ Heterogeneous reactions on the aerosol surface where the first-order rate constaﬁ't};z('ne salculated by the modified Fuchs-Sutugin equation as descriligonig et al.
(2003 and by using an estimated reaction probabiljty=(0.1). However, theHBr loss rate via Reaction (G132) and the sum of @Br loss rate via Reaction (G130) and the
BrONO;, loss rate via Reaction (G131) are diagnosed before the numerical integration of chemical tendency equations and, if the former is greater than thg jaHétRile-
kg130HOBI+kg131[BrONO5]), the rate constant for Reaction (G132) is scaled down so as to equalize the two diagnosed quantities.

f Absorption cross sections and quantum yields as adopted by the MESSy/JVAL subdioHel ét al, 200§ and based largely dbeMore et al(1997).

high resolution over the Arctic Ocean and surrounding sub-2.2 Gas-phase and heterogeneous aerosol chemistry
arctic regions. It has 194150 horizontal grid cells in to-
tal, among which 9@90 grid cells around the North Pole

comprise a uniform core at the 0-880 88} (approxmately idant Model (ADOM) mechanismStockwell and Lurmann
100 kmx 100 km) resolution and remaining grid cells spread T . ; . :
1989, which is originally designed for regional air-quality

outside the core by a stretching factor of 1.04 per grid South'simulations to permit extended applications to background
wards. The vertical grid consists of 28 levels and extend 0P PP 9

from the ground/sea surface to 10 hPa in a hybrid @or- Stropospherlc chemistry@minski et al, 2008. The hetero-

dinate, containing 8 layers in the lowest 2km. The modelgeneous hydrolysis of 205 on aerosols has been also in-

. e cluded, for which Canadian Aerosol Module, CANgNng
accounts for large-scale advection, turbulent diffusion, con- . ; o T 4
. S o .et al, 2003, can provide online spatial distributions of five
vective transport, emissions, dry and wet deposition, chemi- . .
: X . components of size-resolved aerosols, viz. sea salt (produced
cal reactions and aerosol microphysics. Each sub-process IS . .
) . on the ice-free ocean), sulfate, black carbon, organic carbon,
integrated at a time step of 1800s.

and dust.

GEM-AQ has incorporated a chemical mechanism for gas-
phase oxidants modified from the Acid Deposition and Ox-
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For this study, we add gas-phase chemistry and SimplifieclI'able 2. Effective Henry's law constantsd*) at neutral pH and

heter.ogenfaous aerosol chemistry of six inorganic bro'T"n%xidative reactivity parameterg) for calculating the dry deposi-

species, viz. Br, BrO, Br HOBr, BrONG; and HBr (Ta-  tjon velocities of inorganic bromine species except on the snow/ice

ble 1). Chlorine chemistry is not included in the model. As covered surface.

mentioned in the Note e of Table the Br production in

Reaction (G132) is assumed to be limited by the concurrent Species  H* [Matm™!] £

uptake of HOBr and BrON@onto aerosols so that the first-

order rate constant of HBr loss for Reaction (G132) is ad-

justed at every time step by diagnosing the availability of

HOBr and BrONQ from the gas phase. This adjustment

procedure, taken together with a product assignment for Re-

action (G130), serves as a numerically efficient means of ap;

. . . . . Taken fromBartlett and Margerun{1999.

proximating the competitive formation of Band BrCl via b yen fromrrenzel et ai(1999.

Reaction R10) in our simple scheme of bromine chemistry ¢ Assumed to be the same as the valueBr.

but without chlorine chemistry. Calculated based dBrimblecombe and Cleg 988 1989 andLax (1969.
Among the five aerosol components that can be handled by

CAM, only sulfate and sea salt are switched on in our present . . . . .

model runs for numerical efficiency and relevance to Arctic position velocities are controlled mainly by the aerodynamic

bromine chemistry (e.gEan and Jacqti992. The sea-salt resistance and can be as large as about T émwbken windy

aerosols are assumed to be unimportant as a source of haIB%J tbcl)thzrV\{[l_sebordeés Ofl magm:ude dZTa"etr '?hth% stat;lcally
gens (e.g.L.ehrer et al. 1997 and only to provide their sur- stable Arctic boundary 1ayer. In addition 1o the dry depo-

face for facilitating heterogeneous reactions along with thes't'on’ HBr is asgum_ed to u_nfjer_go a wet_deposmon via im-
paction scavenging in precipitation at a first-order rate con-

Ifat I Mogt et al, 1996 Toyota et al. 200 .
sulfate aerosols (chogt et a 6 Toyota et a 4 stant (389x 10~*s~1 per mmh! of precipitation) as em-

Yang et al, 2005. Simulated concentrations of sulfate and .
sea-salt aerosols are briefly evaluated against ground-levealoyed in GEM-AQ for HNQ (Langner et al.1998.

observations from selected Arctic sites (see Sect. S2 in the 1he dry deposition of Bris assumed not to occur on the
Supplement). snowl/ice covered surface; insteadp B emitted to the at-

Zhao et al.(2008 developed another version of GEM- mosphere at a rate prescribed from the dry deposition fluxes

AQ by taking a multiphase chemistry module frdander O_f HOBr, BrONG, HBr and G (Fig. 1). This app_roach_ Is
et al. (2005 to simulate reactive halogen release from sea-SiMilar to the one employed byehrer et al(2004) in their

salt aerosols generated by a wind abrasion of frost flow-On€-dimensional model study. The capacity of the &nis-

ers. It should be noted that the reaction scheme for halogefilo" IS assumed to vary between the FY and MY sea-ice sur-
chemistry and the numerical approach employed in this Stud);aces and the snow-covered land surface as described below.

are somewhat different from those employedzhao et al. A\t first, following the Simpson et al(20073 study, we as-
(2008. sume that the FY sea ice is more efficient at releasing reac-

tive bromine from its overlying snowpack than the MY sea

ice. To evaluate this assumption, however, we conduct an-
other set of model runs in which the reactive bromine release
on the MY sea ice is assumed to be as efficient as on the FY

We use a parameterization for the dry deposition of gaseou8€a IC€.

compounds to quantify the sink, and the source as ex- The snowpack on the FY sea ice is assumed to retain an
plained below, of inorganic bromine species on various typegnexhaustible storage of Brso that the total dry deposition

of surface. GEM-AQ calculates dry deposition velocities flux of HOBr and BrONQ s fully converted to the flux of

by a multiple-resistance approach with aerodynamic, quasiBr2 back to the atmosphere regardless of concurrent HBr de-
laminar layer and bulk surface resistances acting in serieposition. Thus, as long as chemistry in the near-surface air
(Wesely 1989 Zhang et al.2002. The surface resistance favors the photochemical formation of HOBr and BrONO
for each compound is obtained by parametric functions of arpver that of HBr, the atmospheric loading of bromine in-
effective Henry’s law at neutral pH and an estimated oxida-Creases autocatalytically via the “bromine explosion”.

tive reactivity employing a semi-empirical scaling of these Onthe MY seaice, the supply of Biis assumed to be lim-
physicochemical properties from those for S&hd & (Ta- ited by the dry deposition of HBr from the atmosphere, ow-
ble 2). Except on the snow/ice-covered surface, dry deposiing to a substantial salinity decrease during summer melt(s)
tion is assumed to remove HBr, HOBr, BrON@nd Bg ir- in previous year(s)Hicken et al. 2002. Also, the forma-
reversibly from the atmosphere. On the sea ice and snow/icetion of open and refreezing leads as a fresh source of sea
covered land surfaces, the surface resistance is reduced &alt and/or brine is less likely to occur than in the FY sea
zero for HOBr, BrONQ and HBr. As a result, their dry de- ice that is more vulnerable to a tensile force arising from

Br, 8x 1071 (sed)
HOBr 6x 103 (seeP)
BrONO,  2x 106 (se€)
HBr 2x 1016 (sed)

S

2.3 Emission, deposition, and air-snow/ice surface
interactions of reactive bromine species

www.atmos-chem-phys.net/11/3949/2011/ Atmos. Chem. Phys., 11, 39492011
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r «<—> Bro bromine can vary from~0% to 100%. As before for the
/ gas-phase MY sea ice, this overly simplified assumption ignores the
‘trigger”on FY Br, photochemistry observed presence of Cland Br~ in the terrestrial snow-
0. 0075 et Py pack as well as the measurements of BrCl in ambient surface
Lo MY &LS) HOBr HBr air near the Arctic Ocean (e.g-pster et al.200% Simp-
o, BroNo, son et al. 2005. At a horizontal scale of our model grid
1) (=100 kmx 100 km), however, it is not very unreasonable to
<I)1:J‘ 0.5~1 (MY) assume the absence of Clor halogen re-activation in the
LO~L(LS) snowpack over land, since more than two orders of magni-
f:gﬁ':;;:m ols tude decrease in the snowpack Gloncentration has been
observed within m from the coastline in Alas -
p— b d within 150 km f th tl Alaskzo
" " .
Ay T e e e oy o) glas and Sturm2004. Also, the snowpack measurements
FY: Infinite source of Br- assumed for Br, production of Br~ by Slmpson et a|(2003 Imply that the air-snow ex-
MY: Available Br-limited by HBr deposition and no storage, change of bromine diminishes towards inland by an order of
but infinite CI- source assumed for BrCl (= 0.5*Br,) production . s .
LS: Same as MY but with no CI source magnitude or more within a few hundreds kilometers from

the coast of the Arctic Ocean. At the timescale of our inter-
Fig. 1. A schematic of the basic scenario for bromine chemistry est (perhaps longer than 2—3 days) for bromine release from
in the atmosphere and air-ice/snow interactions of reactive brominghe snow and subsequent ODEs, a boundary-layer air mass
species in the present simulations. FY, MY and LS denote the snowy,quld travel farther than that distance in many cases (e.g.,
pack on the FY sea ice, the MY sea ice and the land surface, respegnitenheim and Char2008.

tively. Presented values for the molar yields,(and ®5) of Bry . . . .
from the dry deposition of @ HOBr and BrONQ are valid for . Broml_ne epr05|_on and recycl_lng processes cannot be |n_|-
the model runs 3-5, whereas the values are somewhat different fo'ilaFed without a trigger. For th|§, more than a few me_ch
other model runs (see Tat® anisms haye be_en prpposed, including the photolysis of
CHBr3 of biogenic origin Tang and McConnell1996, the
reactive uptake of ozone onto the Bcontaining ice surface
. ) to release Br (Oum et al, 1998 and the oxidation of Bt by
surface wind drag and so fortiRichter-Menge and Jones  5queous-phase OH radicals and other radical chain reaction
1993 Sammonds et 311998 Kwok, 2009. The total dry  roqucts in the brineMozurkewich 1995. Since there are
deposition flux of HOBr and BrONg if it is not more than 145 many unknowns to simulate these processes across the
the concurrent deposition flux of HBr, is fully converted t0 actic in a three-dimensional model, we choose to parame-
the Br, emission flux. However, if the deposition flux of erize the trigger simply by associating the loss of ozone via
HOBr and BrONQ exceeds that of HBr, the excess deposi- 4y deposition to the snowfice surface with the Bmission
tion of HOBr and BrONQ is converted to Brat the 50%  pack into the atmosphere. In this study, the surface resistance
molar yield assuming that BrCl is released instead oftBr 4t 5z0ne to the snowlice surface is increased thsle
the atmosphere by consuming virtually inexhaustible @ (e|mig et al, 20078 and thus its dry deposition velocity on
the snowpack (e.gSimpson et 8].2009. This formulation  {he snowpack remains close to 0.01 crh ander a variety of
allows for the recycling of up to 100 % of the atmospheric aimospheric conditions. In Runs 2-5 the trigger is placed on
bromine reservoirs entering the snow/ice surface back intqnhe Fy seaice only, whereas in Runs 6-8 the trigger is placed
the atmosphere instantaneously_as.BBut, in reality, th_e on the MY sea ice as well (TabB). The trigger strength is
process would be more complex in that an unused portion ofssymed to be enhanced under sunlight. This is represented
Br- deposned on the snow would Ilkgly_have a finite resi- by changing the molar yieldd(;) of Br, against the ozone
dence time and be emlttgd later as BFhis is not pursued in _loss via dry deposition with the solar zenith angle (SZA).
the present study. We will show, however, that the scenario e of the simulation scenarios assumes that the dry de-
described above tends to work somewhat better in Simmati”%osition flux of ozone is converted to the Bemission flux
thg ‘fBrO clouds” across the Arctic than assuming the samey; @1 = 103 regardless of SZA on the FY sea ice (Run 2,
efficiency for the release of Bifrom both the FY and MY g Tapie). This is to represent the Bformation via reac-
sea ice sustained equally by an inexhaustible storageof Br e uptake of 0zone onto frozen seawater in the dexn
in the snowpack (Runs 3-5 versus Runs 6-8, see Bable ¢ 51, 1998 Wren et al, 2010. Theoretically, this leads to
The snow-covered land surface is also assumed to emi build up of Bp at about 4 pmolmolt, which is within
Br, back into the atmosphere but with less efficiency thanthe measured range in the Arctic surface air during the polar
the snowpack on the MY sea ice. In addition, the terrestrialnight (Foster et al.20017), in the 400 m deep boundary layer
showpack is assumed to store no @hd Br~ so that the By solely as a result of dry deposition of 0zone at 40 nmolmhol
emission flux is determined by taking a smaller flux from ei- over 5 days. It turns out, however, th&i must be much
ther the dry deposition of HBr or the total dry deposition of larger for our model to simulate ODEs realistically as ob-
HOBr and BrONG. Consequently, the recycled fraction of served at stations in the high Arctic (see S&ct). We find
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Fig. 2. (a) A circumpolar map showing the location of observation sites for surface meteorology (red stars), surface ozone and aerosol
chemistry (blue dots) and ozonesonde sounding (blue open squares) used for evaluating the model simulations. ALT: the Canadian Force:
Station (CFS) and the Global Atmosphere Watch (GAW) station at Alert, Ellesmere Island, Canada (66 and 210 ma.s.l., respectively);
BRW: Barrow NOAA/ESRL Observatory, Alaska, USA (8 ma.s.l.); ERK: Eureka, Ellesmere Island, Canada (10ma.s.l.); GOL: Ostrov
Golomjannyj, Russia (8 ma.s.l.); HAL: Hall Land, Greenland (105 ma.s.l.); IVK: Inuvik, Canada (68 ma.s.l.); JCD: J-CAD 3 drifting buoy
deployed near the North Pole; KOT: Ostrov Kotelnyj, Russia (8 ma.s.l.); NYAAN;sund, Svalbard, Norway (18 ma.s.l.); RST: Resolute,
Cornwallis Island, Canada (67 ma.s.l.); SMT: Summit, Greenland (3238 ma.s.l.); VRA: Ostrov Vrangelja, Russia (5ma.s.l.); and ZEP:
Zeppelin, Svalbard, Norway (474 ma.s.l.). Also shown are the areas of higher than the 25 % sea-ice concentration from the CMC analyses
(light purple shading) overlaid with the areas of higher than the 25 % multiyear sea-ice concentration from the QuikSCAT data (orange
shading) for 15 April 2001. Both of the sea ice data are regridded to the horizontal resolution of the model. In the cross-hatched grid cells,
snowpack on the sea ice is assumed to act in the same manner as the terrestrial snowpack for the air-ice/snow interactions of bromine in thi
model because the grid-mean terrain height exceeds 50 m a.s.l. (seédjeit)egional map focusing on the area around the Alert CFS and

GAW sites in Ellesmere Island, Canada and Hall Land in Greenland. For evaluating simulated ozone mixing ratios at Alert, we also use the
model output at the grid cell’Aadjacent to the nearest grid cell for the Alert CFS and GAW sites.

that boundary-layer ODEs and BrO columns can be simu-upward migration of reactive bromine in the stably stratified
lated quite reasonably by increasitig to 0.05~ 0.1 under  atmosphere.

sunlight. Henced; =0.075 is assumed for SZA 85" as As mentioned in the introduction, low temperature con-
our baseline (Runs 3-8, see TaBJe We will discuss impli-  ditions are believed to be associated somehow with reactive
cations of this fitted value later. halogen release in the polar boundary layer. In their observa-

To map the concentrations of MY sea ice on a daily basistional study,Pohler et al.(2010 concluded that snowpack in
for the model, we use a retrieval from the QuikSCAT satel-the Amundsen Gulf (in the Canadian Arctic) released reac-
lite by scatterometer signals at 13.4 GHg,(band) Kwok, tive bromine to the atmosphere when surface air temperature
2009. The FY sea ice concentrations are calculated by subwas below—15°C and the rate of bromine release increased
tracting the MY sea ice concentrations from the total (sea/inearly with decreasing temperature downta4°C. Based
inland-water and glacier) ice concentrations available dailyon this, we allow the release of Bfrom the snowpack only
as part of a global data assimilation at Canadian Meteorologwhere surface air temperature is at and below arbitrarily cho-
ical Centre (CMC) Gauthier et al.1999 with ice fractions  sen “critical temperature”7¢). We then varyT; between
for inland-water and glacier excluded by using land-use cat—10°C and —20°C to study a sensitivity of simulated re-
egory data (Fig2). CMC's sea ice analyses are largely basedsults on its choice (see Tab®. The snowpack is assumed
on the Special Sensor Microwave/lmager (SSM/I) satellitenot to release Brbut simply to act as a sink for atmospheric
data Gteffen et al. 1992. If grid-mean terrain height ex- bromine where the surface air temperature is aliGveAt
ceeds 50m (hatched areas in F2jy.the fractional coverage present, the retrieval of MY sea ice from the QuikSCAT be-
of sea ice in a grid cell is ignored and the snowpack is as-comes unreliable at surface air temperatures abal@°C
sumed to exist exclusively over land to avoid an unrealisticdue to unmodeled changes in snow and ice propeie®k
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Table 3. Description of model runs: “critical temperaturdc at and below which the snowpack acquires a capability of releasinRd
column), the type of underlying sea ice where the trigger involvig@@d the bromine explosion involving HOBr and BrObl@re assumed
to occur (3rd column), and the molar yiel@{) of Br, against the loss of §via dry deposition for the semi-empirical trigger (4th column).

Run# T¢ Trigger and bromine explosion &4

1 No bromine release from the snowpack, viz. no bromine chemistry in the atmosphere
2 —10°C OnFY seaice only 0.001 regardless of SZA

3 —10°C OnFY seaice only 0.001 for SAA85°, 0.075 for SZA< 85°

4 —15°C OnFY seaice only 0.001 for SZA85°, 0.075 for SZA< 85°

5 —20°C OnFY seaice only 0.001 for SZA85°, 0.075 for SZA< 85°

6 —10°C On both FY & MY seaice 0.001 for SZA85°, 0.075 for SZA< 85°

7 —15°C Onboth FY & MY sea ice 0.001 for SZA85°, 0.075 for SZA< 85°

8 —20°C Onboth FY & MY seaice 0.001 for SZA85°, 0.075 for SZA< 85°

et al, 1999. Hence we do not explore the sensitivity of our Arctic during the simulated period (see Sect. S1 of the Sup-

model results o beyond—10°C. plement). The model appears to capture synoptic distur-
Emissions of aldehydes and nitrogen oxides are known tdances as observed reasonably well at sites located within

occur prevalently from the photodegradation of impurities relatively smooth topography such as Barrow, whereas lo-

in the snowpackGrannas et al.2007) and can be of some cal effects are often pronounced and are not resolved well by

importance for perturbing reactive halogen chemistry in thethe model at sites located between steep subgrid-scale moun-

Arctic boundary layer (e.g.Piot and von Glasow2008. tains such as Alert. In the latter case, the evaluation of sim-

This issue is not pursued in the present study, since spatiallated tracer concentrations is compromised and short-term

and temporal variations are not characterized adequately yetariability on the timescale of less than a day becomes rather

for the emissions of aldehydes and nitrogen oxides from theneaningless.

snowpack across the Arctic. Our preliminary tests showed

that releasing HCHO from all the snow/ice-covered surface

in the model at 410° moleculecm?s~1, as employed by 3 Results and discussion

Michalowski et al. (2000 in their box model study, in-

creased surface ozone mixing ratios at Alert and Barrow dur-Table 3 summarizes scenarios for model runs discussed in

ing ODEs from below 1 nmol mof* to above 5 nmol moi* this study. Run 1 is to simulate a reference case without

in many cases. On the other hand, N@nissions from all  bromine chemistry, whereas Runs 2-8 are intended to test

the snowlice-covered surface ak 408 molecule cnim2s—1 different scenarios for the surface source of bromine. Simu-

(Michalowski et al, 2000 showed apparently less impacts lated results will be evaluated first by using surface ozone and

on our surface ozone simulation. ozonesonde data obtained routinely at several Arctic sites
(Fig. 2). We will then look at day-to-day changes in sim-
2.4 Simulation period and meteorological constraint ulated BrO column densities and compare them with data

derived from satellite measurements.
The GEM-AQ simulation is conducted in a series of 24-

h free forecast segments from 06:00 UTC 15 March 20013.1 Ground-level mixing ratios and vertical profiles of
to 06:00UTC 2 May 2001, for which 6-h trial fields of ozone
the CMC global analysesGauthier et al. 1999 are used
for re-initializing meteorological and surface boundary con- We first tuned the molar yieldd{;) of Br, for a trigger re-
ditions. Initial chemical and aerosol fields at 06:00 UTC action associated with the dry deposition of ozone, which
15 March 2001 are taken from an archive of global GEM- is one of the most critical empirical parameters introduced
AQ simulation performed without bromine chemistry for in our model (see Sec?.3). For this, we used hourly data
the years 2001-2005 spun up from January 20Q8n(in- of surface ozone measurements at Alert, Barrow and Zep-
ski et al, 2009. Initial mixing ratios of bromine species are pelin where the link between springtime ODEs and reactive
set to zero but, as will be seen later, a spin-up period of aboubromine chemistry has been established by previous field
15 days appears long enough for simulating reactive brominetudies S§impson et aJ.20070. As indicated from statis-
production and ozone depletion in the Arctic boundary layer.tical metrics (correlation coefficient®; mean bias, MB;
Therefore model results are analyzed for the entire April inand root mean squared error, RMSE) in Taldleagree-
2001. ment between simulated and observed surface ozone mix-
Simulated surface meteorology is evaluated using autoing ratios at these three sites improves when simulated with
mated meteorological observations available from across théhe adjustedb; value & 0.075) as compared to simulations
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(a) Alert (Ellesmere Island, Canada): 82.50°N, 62.30°W, 210 m a.s.l.
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Fig. 3. (a) Comparison of surface ozone mixing ratios simulated in Run 1 (black line) and Run 4 (green lines) with observations at Alert
GAW station during April 2001. The solid lines represent simulated time series at the nearest grid cell at the lowest model level, while the
range of the simulated values across the nearest and surrounding eight grid cells is indicated by gray and light green shadings (for Run 1
and Run 4, respectively). The red lines, disconnected where missing data points exist, represent hourly observational data. For the simulate
time series from Run 4, we also include the values at a neighboring grid cell to the north of Alert (locatioRig 2b) at the third lowest

vertical level of the model170 ma.s.l.) represented by the green dashed(ine¢he same ag) but at Barrow;(c) the same aéb) but at

Zeppelin, where the simulated values at the nearest and surrounding grid cells are taken from the model vertical levels closest to the statior
level (474 ma.s.l.); an@) the same agb) but at Summit. Inverted triangles {g) and(c) indicate the launching time of ozonesonde at Alert

CFS near the Alert GAW station and at Myesund near Zeppelin, respectively (see Byg.

without bromine chemistry (Run 1) and with a much smaller Figure 3a—c shows the time series of surface ozone mix-
@, value &£0.001, Run 2). At Alert and Barrow, the sur- ing ratios simulated at Alert, Barrow and Zeppelin, respec-
face ozone mixing ratios simulated in Run 2 are almost thetively, for Run 1 (without bromine chemistry) and Run 4
same as simulated in Run 1 and significantly higher than ob{with 7. = —15°C and FY sea ice is assumed more efficient at
served particularly during the ODEs. At Zeppelin, the val- bromine release than MY sea ice) plotted along with hourly
ues of MB and RMSE are smaller when simulated without observational data from corresponding stations. Variations
bromine chemistry (Run 1) than with bromine release fromin simulated surface ozone mixing ratios across the nearest
the snowpack by using the adjustéd value (Runs 3-8). and eight neighboring grid cells are also indicated for each
However, this is most likely caused by problems other thansimulated time series. The variability is getting especially
simulated bromine release as discussed later. Note also th&rge at Alert because of inhomogeneous grid-mean terrain
the value ofR improves from 0.34 up to 0.58 at Zeppelin by heights from 0 to 1215ma.s.l. The site elevation of Alert
introducing bromine release from the snowpack in the model GAW station (Fig.2b), at which the surface ozone data were
obtained, is 210 m a.s.l., whereas the grid-mean terrain height

www.atmos-chem-phys.net/11/3949/2011/ Atmos. Chem. Phys., 11, 39492011



3958 K. Toyota et al.: 3-D modeling of boundary-layer bromine and ozone in the Arctic
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Fig. 4. (a) Comparison of simulated ozone profiles between 0-6 kma.s.l. for Run 1 (black lines), Run 3 (blue lines), Run 4 (light green
lines), Run 5 (dark green lines) and Run 7 (orange lines) with observed profiles by ozonesonde (red dots) at Alert CFS. Solid lines are the
simulated ozone mixing ratios at the nearest grid cell (with a grid-mean terrain height of 565 m a.s.l.) whereas dashed lines are those at one o
the neighboring grid cells (location’ An Fig. 2b) with a grid-mean terrain height of 0 m a.glh) the same as (a) but at Resolute. Simulated
profiles are shown for the nearest grid cell only (solid lines); @)the same as (b) but at Wesund.

Table 4. Correlation coefficientsk), mean biases (MB, in nmol mo) and root mean squared errors (RMSE, in nmolmlof simulated

surface ozone mixing ratios against hourly observations at Alert, Barrow, Zeppelin and Summit for all the model runs. The simulated values
are taken from the lowest model level, except for Zeppelin where the fourth vertical model4eV&d (ha.s.l.) is chosen to match the

altitude of the station. The nearest grid cell for Alert has a grid-mean terrain height of 565 m a.s.l., which is significantly higher than the
actual height of surface ozone measurements (210 ma.s.l.); therefore, the statistical metrics are also presented for the third lowest vertica
level (~170ma.s.l.) at one of the neighboring grid cells (locatidrnAFig.2b).

Alert Barrow Zeppelin Summit

Nearest Grid Cell Location A Nearest Grid Cell Nearest Grid Cell Nearest Grid Cell
Run# R MB RMSE R MB RMSE R MB RMSE R MB RMSE R MB RMSE

0.66 +16.0 21.8 0.78 +137 195 0.56 +210 240 034 +30 82 022 +24 7.9
0.68 +154 21.2 0.77 +129 18.7 0.62 +196 225 035 +23 79 023 423 7.8
0.78 435 111 085 -39 10.0 0.66 —-6.3 115 0.58 —-105 127 0.27 +0.1 7.7
0.79 +49 116 086 -28 93 068 -18 96 055 -91 11.7  0.26 +0.8 7.6
0.76 +75 135 086 +0.1 89 057 451 119 045 -64 99 025 +13 7.7
0.75 -0.3 11.3 0.55 —-14.0 206 0.67 —-90 13.0 0.55 -140 16.0 0.27 -0.2 7.7
0.74 +0.7 11.4 0.46 —-147 221 0.64 -49 111 0.50 -130 155 0.26 +05 7.6
0.73 +24 11.8 0.46 —138 217 053 +1.2 11.3 0.41 -106 138 0.25 +1.1 7.7

O~NO U WN P
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is 565 ma.s.l. at the nearest grid cell of the model. Such above 1kma.s.l.; near the ground level the air came mainly
difference in height can be an important source of discrepfrom the north while at 1 kma.s.l. and higher the air came
ancy between simulated and observed ozone mixing ratiofrom the south (not shown). As discussed in S8c2, the
in the stably stratified boundary layer prevailing in the high model appears to have a tendency to overestimate the release
Arctic. The vertical extent of boundary-layer ODEs has beenof reactive bromine in Baffin Bay and the narrows between
observed to vary between episodes from less than 100 m tGreenland and Ellesmere Island located to the south of Alert.
as thick as 2000 m at and around Alefin{auf et al, 1994 At Resolute, located about 1100 km to the southwest of Alert,
Hopper et al. 1998 Bottenheim et a).2002. Since one the observed profile on 7 April showed a near-complete
of the neighboring grid cells (location’An Fig. 2b) does  ozone depletion (©<1 nmolmol?) below 400 ma.s.l. but
not contain mountains (but is located entirely on the ocearhad increased to 40 nmolmdi by 1.2kma.s.l. This pro-
covered mostly with MY sea ice), simulated ozone mixing file is simulated quite reasonably by the model with bromine
ratios at the third lowest vertical levebl70ma.s.l.) from  chemistry. Other two ozonesonde profiles from Resolute in
this neighboring grid cell are examined closely as well as atApril 2001 exhibited an indication of minor ODEs with a
the lowest vertical level from the nearest grid cell. For the decrease in boundary-layer ozone mixing ratios towards the
same reason, we look at simulated ozone mixing ratios forground level. Although ozone profiles in these two cases
the nearest grid cell at the fourth lowest vertical level whenare not simulated as well in detail as the profile for 7 April,
compared with surface ozone data obtained at Zeppelin lobut the model with bromine chemistry does yield decreasing
cated on the crest of a mountain (474 ma.s.l.) unresolved bypzone mixing ratios towards the ground level in a more con-
our model grid. Correlation coefficients between simulatedsistent manner than the model without bromine chemistry.
and observed hourly ozone mixing ratios at Alekt=£0.79 Finally, simulated ozone profiles at Wesund are also in
at the nearest grid cell and = 0.86 at location A), Bar- reasonable agreement with observed profiles especially with
row (R =0.68) and Zeppelin R = 0.55) are satisfactorily regard to the vertical extent of boundary-layer air partially
high for Run 4 with a general improvement from Run 1 (Ta- depleted in ozone; however, the model often underpredicts
ble 4). Combined with much improved MB and RMSE val- o0zone mixing ratios not only in the boundary layer but also
ues for Alert and Barrow, this result indicates that the modelin the free troposphere.
is quite reasonably simulating the location and timing of re- Changing7; from —15°C to either—10°C (Run 3) or
active bromine release from the surface snowpack and sub-20°C (Run 5) does not drastically impact the simulated
sequent ozone loss across the Arctic during the simulated pesurface ozone mixing ratios at Alert. However, the impacts
riod. are quite significant at Barrow and Zeppelin. Especially at

Ozonesonde data from across the Arctic provide additionaBarrow, all the statistical metrics indicate a better model per-
insights into our simulations. In Figla—c, we compare ob- formance with7; = —15°C than with other7; values (Ta-
served and simulated ozone profiles between 0-6 km a.s.l. dile 4). Figure5 shows the simulated time series of surface
Alert CFS, Resolute and N)§\Iesund, respectively. Unfor- o0zone mixing ratios for Runs 3 and 5 along with hourly ob-
tunately, no ozonesonde data were reported for April 2001servational data at Barrow. Run 3, assumifyg= —10°C,
from Barrow, where we find the most tractable meteorology,captures the observed ODEs nearly as well as Run 4, while
among the coastal stations studied here, being less susceptiesulting in too much ozone depletion during some of the
ble to topography (see Sect. S1 of the Supplement) and whengeriods when surface ozone at Barrow actually recovered to
the simulated variability in surface ozone levels is reasonabléd0 nmol mott or higher (e.g., 14-15 April, 21-23 April).
(see above). On the other hand, witll; = —20°C (Run 5), the model

At Alert CFS (66 ma.s.l.), located only 6 km away from simulates the decrease in surface ozone levels barely as in-
the Alert GAW station (see Figb), two out of the four tense as observed at Barrow after early April. These results
ozone soundings in April 2001 were obtained during majorare consistent with a recent observational studyPbiiler
ODEs lasting longer than 2 days. On 5 April, observed ozoneet al. (2010, in which they concluded that reactive bromine
mixing ratios were below 5 nmol mot from the ground up  was released from the snow/ice surface to the atmosphere
to 684 ma.s.l. and then gradually increased with altitude tomost likely at surface air temperatures beled5°C in the
reach 40 nmolmol! at 2kma.s.l. On 19 April, the vertical Amundsen Gulf.
extent of the ozone-depleted layer was much smaller, with At Zeppelin, the values ok suggest a better model per-
12 nmol mot! from the ground up to 183 ma.s.l. and then formance in Runs 3 and 47{ = —10°C or —15°C) than
increased sharply to 36 nmolmdl at 519ma.s.l. These in Run 5 (I = —20°C), but trends in the MB and RMSE
changes in the observed ozone profiles are simulated quitealues are somewhat contradictory (TaBje As shown in
well when bromine chemistry is included in the model, al- Fig. 3c, the model underpredicts the 0zone mixing ratios al-
though the ozone mixing ratios are underpredicted notablymost all the time in Run 4 and simulates a false occurrence
between 1-3kma.s.l. on 5 April. According to the wind data of a surface ozone dip during 14-16 April. Nonetheless,
from the ozonesonde and from the model, air mass origingwo episodes of relatively low ozone mixing ratios between
on 5 April were vastly different between the ground level and 10~30 nmol mott during 7-9 April and 21-23 April are
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Fig. 5. The same as Fi@b but for simulated surface ozone mixing ratios at the nearest and surrounding grid cells to Barrow from Run 3
(blue line and shading) and Run 5 (green line and shading).
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Fig. 6. Total hours of simulated episodes with surface ozone mixing ratios below 5 nniotrabéach grid cell during April 200Xa) Run 3,
(b) Run 4,(c) Run 5,(d) Run 6,(e) Run 7, andf) Run 8.

reproduced fairly well. As noted before, simulated ozoneson et al(20073. To evaluate this assumption, sensitivity ex-
profiles within and above the boundary layer atf\lysund, periments were performed in which the reactive bromine re-
located in the same grid cell of the model as Zeppelin,lease occurs on the MY sea ice as efficiently as on the FY sea
point to a possibility that some of the underpredicted sur-ice (Runs 6-8, see Tab8®. These model runs yielded more
face ozone mixing ratios at Zeppelin could be attributed topersistent ODEs over a vast area on the Canadian/Alaskan
the low bias in background ozone levels simulated by ourside of the Arctic Ocean mainly covered with the MY sea
model (Fig.4c). In addition, simulated sulfate aerosol con- ice (Fig. 6a—f). The changes from Runs 3-5 to Runs 6-8
centrations are higher by a factor of 5-10 than daily measureare so significant that our model scenarios could have been
ments at Zeppelin (see Sect. S2 of the Supplement). Consevaluated quite convincingly perhaps if several drifting buoys
quently, the partitioning of inorganic bromine around Zep- equipped with a system for continuous surface ozone mea-
pelin could be shifted unrealistically towards photolabile andsurements had been deployed across the Arctic Ocean (e.g.,
radical species via heterogeneous aerosol reactions even iflenepp et al. 2010. This is not the case for April 2001, but
source of bromine from the snow/ice surface was simulatedve do see substantial changes in the simulated ozone mixing
reasonably well in the model. ratios at a neighboring grid cell to the north of Alert (location
We have started our model runs by assuming that the®', see Fig2b). If simply compared with ground-level ozone

snowpack is more efficient at releasing reactive bromine ormixing ratios observed at Alert GAW station (Fig) and
the FY sea ice than on the MY sea ice as indicate@ioyp- ~ With 0zonesonde data from Alert CFS (Fign, particularly
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0 Alert (Ellesmere Island, Canada): 82.50°N, 62.30°W, 210 m a.s.l.

RUN 7
S 50 RUN 7 (at A)

BT

12 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Date of April 2001

Fig. 7. The same as Figa but for simulated surface ozone mixing ratios at the nearest and surrounding grid cells to Alert from Run 7
(orange solid/dashed lines and yellow shading).

on 12 April 2001), the near-surface ozone mixing ratios atR, however, are generally lowk(< 0.3) in all the model runs
location A are significantly underpredicted most of the time because of a poor capability of the model to reproduce a large
in Run 7 and therefore look unsatisfactory as compared talaytime decrease (sometimes by more than 10 nmotHol
Run 4 (Fig.3a). The values ofR for simulated ozone at observed particularly after 20 April 2001 (Figd). The rea-
location A are notably reduced for all thE. ranges tested son for this discrepancy is not clear. At Sumrhiglmig et al.
in Runs 6-8 R =0.46~ 0.55) from Runs 3-5K = 0.85~ (2002 observed a daytime ozone decrease of similar magni-
0.86) and even lower than thak & 0.78) obtained in Run 1 tude occasionally during June 2000. A strong ozone sink
where bromine chemistry is switched off (Talfle On the in the local snowpack was also indicated from ozone mea-
other hand, previous field studies have found that ODEs orsurements in the interstitial air during another field study at
ice floes only 5 to 160 km apart from Alert are obviously Summit Helmig et al, 20073. To reconcile the in-situ mea-
more persistent than observed at the coastal stations neartsprements of HQradicals at Summit during summer 2003
(Hopper and Hart1994 Hopper et al. 1998 Morin et al, with a box model simulationSjostedt et al(2007) specu-
2005. It has also been reported that surface snowpack ortated an involvement of iodine and bromine photochemistry
the MY sea ice can be substantially enriched inm By late most notably when air mass had been transported from the
March near Alert Ariya et al, 1999 Toom-Sauntry and Bar- marine boundary layer (not necessarily over sea ice) with lo-
rie, 2002. This could arise from the airborne transport of cal drifting snow promoting the heterogeneous reactions of
gaseous and particulate bromine released from open and/dralogens. More recent field data covered in-snow bromide
refrozen leads located nearby or even from the ones locatednd ambient BrO radical measurements and showed that the
rather distantly if bromine deposited to the snowpack is re-bromine photochemistry can be quite active in the interstitial
emitted to the atmosphere successiv8iy{pson et a] 2005 air of the snowpack and in the ambient air above the snow
Piot and von Glasow2008. It is therefore possible that the at Summit in the summer, but not to the extent of causing
0zone mixing ratios at location’Are simulated more realis- a large daytime decrease in ozone as observed during April
tically in Runs 6-8 (i.e., with no distinction between the FY 2001 Qibb et al, 2010 Thomas et a).2010. On the other
and MY sea ice surfaces for bromine release) than in Runs 3hand,Dibb et al.(2007 measured enhanced concentrations
5. This, however, cannot be assessed unambiguously owingf dust mineral components in the surface snowpack at Sum-
to a lack of field ozone measurements on ice floes near Alermit particularly between 23—-26 April 2001, originating most
during the simulated period. Surface ozone and ozonesondiéely from Asian dust storms. As has been shown exper-
data from other Arctic sites used in this study do not allow usimentally, certain dust minerals can promote the oxidation
to draw a definitive conclusion about this issue. of halides into photolabile molecular halogens via heteroge-
We also looked at surface ozone data from Summit, Greenn€ous surface reactiorS8qdanaga et ak001, Anastasio and
land (3238 ma.s.l.) to evaluate if the simulated ozone lev-Mozurkewich 2003).
els were significantly biased or not in the Arctic free tropo-  Finally, it is worth noting results from another version of
sphere, with an expectation of minimal impacts due to re-GEM-AQ byZhao et al(2008, which covered the same sim-
active bromine released on the sea ice. Summit is locatedlation period as ours. They assumed that frost flowers are
above a typical height range where the impacts of bromineabraded by a wind to produce airborne sea-salt particles as a
chemistry on ozone profiles are apparent in our model runs asource of reactive halogens in the Arctic boundary layer. The
Alert, Resolute and Nylesund (Fig4a—c). Indeed, the sur- locations of the frost flowers were determined based on the
face ozone mixing ratios simulated at Summit do not changePFF data byKaleschke et al(2004). It appears that surface
very much between our model runs. Also, relatively small ozone mixing ratios at Alert, Barrow and Zeppelin were de-
MB and RMSE values to the observed mixing ratios (Ta- pleted much too frequently in th&hao et al.(2008 model
ble 4) provide some assurance of model credibility for simu- at least during April 2001 (see Fig. 3 in their paper), indi-
lating background ozone levels around the site. The values ofating either that frost flowers are not important as a source
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of reactive bromine or inaccuracy in the PFF algorithm em-lated BrO columns are first converted to apparent slant col-
ployed byKaleschke et al(2004). Alternatively, the source umn densities (ASCDs) by applying clear-sky box AMFs and
term for wind-blown frost flowers bihao et al(2008 could are then divided by geometric AMFs, which approximate
have been improved simply by scaling it down with some ad-the stratospheric AMFs used for the GOME BrO retrieval.
ditional constraints presently unknown. By design, the PFFThis gives what we call the adapted vertical column densities
algorithm calculates an upper limit for the occurrence of real(AVCDs). To synchronize loosely with GOME’s overpass

frost flowers one could observe in the field. in the Arctic region, the model-derived AVCDs are sampled
only from 0—1 pm local time slices over 24 h for daily com-
3.2 Spatial and temporal evolutions of BrO columns parison with the GOME-SLIMCAT tropospheric BrO VCDs.

Figure 8a—d shows the GOME-SLIMCAT tropospheric

Space-borne measurements of BrO columns provide a us@rO VCDs and the BrO AVCDs simulated by GEM-AQ in
ful means of evaluating our simulations particularly over Runs 3-5 for each day between 15-22 April 2001. During
sea ice where reactive bromine is actively released to thehis period, “BrO clouds” emerged, evolved to spatial scales
atmosphere. Here we use tropospheric BrO vertical colof greater than 1000 km, and then diminished at timescales
umn densities (VCDs) derived from a combination of total of about 2 to 4 days. Over the eastern and central Arctic
BrO columns measured by the Global Ozone Monitoring Ex-Ocean off the coast of Siberia, an arc-shaped “BrO cloud”,
periment (GOME) instrument and BrO columns above thewhich appears to have been initiated on 15 April, matured
tropopause simulated by a stratospheric chemical transpotietween 1617 April. Another event took place a few days
model Richter, 2006. later in the same area of the Arctic Ocean. A comma-shaped

GOME is a UV/visible spectrometer on board the ERS-“BrO cloud” that matured on 20 April appears to have been
2 satellite. Slant column densities (SCDs) of atmospheridinitiated on 19 April near the Siberian coast around1B5
trace species are retrieved by applying a differential opti-and then moved westward to reach Barents Sea on 22 April
cal absorption algorithm to the measured spectra of sunlightvhile being deformed and diminished. The shape of the
scattered/reflected back from the earth’s atmosphere in neatBrO clouds” in these two prominent cases are best simu-
nadir @&32°) viewing geometry. For BrO, the spectral fit- lated in Run 3, in whichl;=—10°C is assumed (Figgb).
ting window in the 345-359 nm wavelength region measuredAs shown by the surface air temperature and wind fields at
at 0.2 nm resolution was useRi¢Chter et al. 2002. The  12:00UTC for each day during the same period (Ba),
BrO SCDs were then converted to VCDs by using air massthese events were characterized by relatively “warm” tem-
factors (AMFs) for an assumed stratospheric BrO profile peratures sometimes as high-a$0°C associated with air
with mixing ratios linearly increasing from 20 to 30km and mass transport from the south. It also appears that strong
constant above 30 knR{chter et al. 1998. Data obtained boundary-layer winds resulted in a break-up of surface inver-
where SZA-80° were discarded because retrieval sensitivity sions to raise the surface temperatures further. If we assume
is shifted towards stratospheric BrO rather than tropospheri¢hat bromine release from the snowpack is terminated at sur-
BrO. To obtain the tropospheric BrO columns, stratosphericface temperatures abovel5°C, the model does not yield
BrO SCDs were subtracted from the total BrO SCDs by us-the source of bromine at the right time and in the right place
ing output from the SLIMCAT middle-atmosphere chemi- so that the “BrO clouds” begin to lose a resemblance in their
cal transport modelGhipperfield 1999 at a horizontal res-  shape as compared to the GOME-SLIMCAT data (Big).
olution of 7.5°x7.5°. The model was driven by assimi- If T.=—20°C is assumed, the “BrO clouds” in their matu-
lated meteorology to address day-to-day changes in strataity on 16—17 April and on 20 April disappear totally in the
spheric dynamics and transport. The tropopause level wamodel (Fig.8d). On the other side of the Arctic, a region that
defined either by the potential temperature of 380K or bycovers Hudson Bay and a southern part of the Canadian Arc-
the potential vorticity of 2PVU (potential vorticity unit, tic Archipelago also exhibited a frequent occurrence of “BrO
=10"°Km?kg~ts™1). The version of SLIMCAT used here clouds” during 1522 April 2001. These events were also
had a total inorganic bromine (Brloading in the strato- characterized by strong surface winds associated with syn-
sphere at 21 pmol mot with a source gas represented by optic disturbances, but surface temperatures did not increase
CHgzBr only (Chipperfield et al. 2009, which, however, so obviously as in the eastern Arctic cases described above
most likely underrepresents BrO columns in the lowermostbecause of air mass transport mainly from the north @gy.
stratosphere as discussed later. Daily tropospheric BrQAgain, the “BrO clouds” do not emerge as can be seen in the
VCDs thus obtained were gridded ab®x0.5°. Hereafter, GOME-SLIMCAT data wherf, = —20°C is assumed in the
we call this product the GOME-SLIMCAT tropospheric BrO model.
VCDs. Figurel0a—f shows the scatter plots of GOME-SLIMCAT

For the evaluation of simulated BrO columns, we ac- BrO VCDs versus BrO AVCDs simulated in Runs 3-8,
count for a varying sensitivity of the GOME measurementsrespectively, sampled only to the north of°® and for
to altitude where BrO is actually located, surface reflectivity SZA < 80° for the entire April 2001. This confirms that
(albedo) and SZA. As described in Appendix A, the simu- the evolution of “BrO clouds” is best simulated in our
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Fig. 8. (a) GOME-SLIMCAT tropospheric BrO VCDs (in molecule crﬁ) for each day between 15-22 April 20@b) The same as (a) but
for BrO AVCDs (in molecule cr2) simulated by GEM-AQ in Run 3c) The same as (b) but simulated in Run 4; #d)iThe same as (b)

but simulated in Run 5. Note different color scales used for the GOME-SLIMCAT BrO VCDs and the GEM-AQ BrO AVCDs.
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Fig. 9. (a) Surface air temperatures (color shadeS@) and wind vectors (arrow length for the wind speed of 20+his indicated in the
top right corner) at 12:00 UTC each day between 15-22 April 2001 simulated by the modéb) drite same as (a) but for surface ozone
mixing ratios (in nmol mot1) simulated in Run 4.

model with7; = —-10°C, somewhat underrepresented if sim- snow widely on the MY sea ice (and in the coastal snow
ulated with7; = —15°C and significantly undermined with surface) in the spring as a result of the airborne transport
T.=—20°C. Implications of this result will be discussed of bromine involving successive re-emissions across the ice-
in Sect.3.4. Next, agreement between the model and thecovered ocean from original sources such as refreezing leads
GOME-SLIMCAT data is modestly better when bromine re- (Ariya et al, 1999 Toom-Sauntry and Barrj@002 Simpson
lease is assumed to be more efficient on the FY sea ice thaet al, 2005. Nevertheless, the improvement in the simulated
on the MY sea ice fofl, = —15~—10°C. As discussed pre- BrO columns from Runs 6—7 to Runs 3—4 suggests that some
viously when evaluating the boundary-layer ozone simula-advantageous physical and/or chemical mechanisms exist on
tions, the potential of reactive bromine release to the atmothe FY sea ice for an enhanced bromine release to the atmo-
sphere may not be very different in reality between the FY sphere.

sea ice and the MY sea ice as assumed in Runs 3-5, be- \ye note that, even in Run 3 which simulates the mor-

cause bromide would also likely be enriched in the S”rfacephological evolutions of “BrO clouds” most successfully,
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Fig. 10. Scatter plots of GEM-AQ BrO AVCDs versus GOME-SLIMCAT tropospheric BrO VCDs to the north DNa&nd for SZA< 80°
during 1-30 April 2001. The GEM-AQ output (at the resolution of 0.88.88 in the Arctic core) is regridded to % 0.5° used for the
GOME-SLIMCAT dataset(a) Run 3,(b) Run 4,(c) Run 5,(d) Run 6,(e) Run 7, andf) Run 8.

the simulated BrO AVCDs are smaller than the GOME- ity in the sea ice and the overlying snowpack in the sum-
SLIMCAT tropospheric BrO VCDs quite often by more than mer Holt and Digby 1985 Eicken et al.2002. In Barents
afactor of two. This is puzzling, because we ignore the effectSea, Baffin Bay and Greenland Sea, melt-onset may occur
of ice/water cloud cover that can mask the “BrO clouds” un- as early as March to April with an interannual variability of
derneath. Therefore the BrO AVCDs from the model shouldmore than a monthOrobot and Andersar2001ab; Stroeve
be considered as an upper limit when looking at the event®t al, 2006§. Thus, in those areas, even on the FY sea ice
of increased bromine concentrations in the boundary layerthe content of bromide may not be high enough in the sur-
Over the bright snow/ice surface, a multiple-scattering offace snow for the formation of “BrO clouds”. This appears
photons between the clouds and the surface would allowto be linked to the underpredicted ozone mixing ratios by the
space-borne sensors to retain a considerable sensitivity tmodel between 1-3kma.s.l. (with an indication of air mass
BrO below the cloud layer(s) but most likely to a lesser ex- transport from the south) as compared to the ozonesonde data
tent than in the clear sky without the clouds (e\Masilkov from Alert CFS on 5 April 2001 (see Se&.1 and Fig.4a).
et al, 2010. Given that the boundary-layer ozone varia- Rather too frequent ODEs simulated at Zeppelin could also
tions are simulated reasonably well across the Arctic (sede attributed to the early melt-onset, but there are other prob-
Sect.3.1), it is not very useful to force the model results able reasons noted in Se8tl for the poor capability of the
towards higher BrO concentrations by further adjusting themodel in simulating ODEs at Zeppelin.
empirical parameters associated with bromine release from Figure9b shows surface ozone mixing ratios simulated in
the snowpack. Also, there is an offset between the loss oRun 4 at 12:00 UTC for each day between 15-22 April 2001.
ozone and the production of BrO in the boundary layer (e.g.More than half of the ice-covered sea surface in the Arc-
Hausmann and Platt994) so that increasing the rate of reac- tic is simulated to be overlaid with surface air contain-
tive bromine release does not necessarily lead to higher BrGng less than 20 nmol mot of ozone. This is consistent
concentrations in the model. We will return to this issue in with three-dimensional model studies Bgng et al.(2003
Sect.3.3 2000, in which they inferred the 3 to 5 day mean “tro-
Despite the general tendency for BrO columns in thepospheric” BrO columns from the GOME data and allo-
model simulations to be underpredicted, some regions of theated all the column amounts in the lowest 300—400 m of
Arctic, including Baffin Bay, often exhibit BrO column val- the Arctic boundary layer for simulating the ODEs. In our
ues in excess of observations and/or a false occurrence ahodel, surface ozone recovers to (near-) background levels
simulated “BrO clouds” (see Figa—c). Flushing with melt-  (>20 nmol mott) where strong boundary-layer winds me-
water is believed to be a primary mechanism to reduce salindiate a vertical and horizontal transport of ozone-rich air at
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synoptic scales as suggested previously from field observat7 April 2001 appears to have been an origin of the ODE
tions (Gong et al. 1997 Hopper et al.1998 Strong et al. at Alert on 20 April 2001 whereas the comma-shaped “BrO
2002 Jacobi et al.2010. High surface ozone levels and cloud” that matured on 20 April 2001 appears to have carried
strong surface winds are both conducive in our model to theair partially depleted in ozone to Zeppelin a few days later.
efficient release of reactive bromine from the surface snowAir masses depleted in 0zone, once warmed adiabatically via
because the bromine release is triggered by ozone at greateertical mixing while bromine chemistry is activated, can be
rates, while the bromine explosion is promoted by a greatercooled down by more than 10K in a day or two as a result
partitioning of HOBr (and BrON@to a lesser extent) for a of infrared radiative cooling during the transport in the stable
given amount of total inorganic bromine (e.§ang and Mc-  boundary layer if the underlying ice surface does not con-
Connell 1996, and the dry deposition velocities of HOBr tain a lot of open/refrozen lead€rry, 1983 Piot and von
and BrONQ increase substantially by a shear-induced turbu-Glasow 2008. Thus, some of the coincidence of ODEs and
lence in the otherwise statically stable boundary layer. Thedecreasing temperatures in the Arctic spring may reflect a
reasonable agreement between the simulated evolutions ¢éng transit time after ozone is destroyed at upwind locations
“BrO clouds” and the GOME-SLIMCAT data indicates that, rather than a measure of low temperature conditions required
at least in April, a potential source of bromine to the at- for activating bromine chemistry.
mosphere exists ubiquitously on the ice-covered ocean (es-
pecially in areas covered with the FY sea ice) across the3.3 Additional BrO unaccounted for in the model
Arctic and that the timing and location of bromine release
are controlled mainly by a meteorological forcing on ozone So far, we have examined the simulated BrO AVCDs with-
transport and surface wind speed. The photochemical proeut any offset applied when compared with the GOME-
cessing and movement of air mass containing “BrO clouds”SLIMCAT tropospheric BrO VCDs. But it is probably
will be smeared significantly if averaged over 3-5 days asreasonable to assume the presence of background BrO
was done byZeng et al.(2003 2006. This may explain levels on the order of %10"3moleculecm? (or about
why their correlation coefficients between simulated and ob-0.5~1 pmol molt1) in the Arctic troposphere arising from
served surface ozone mixing ratios were somewhat smallegources neglected in our model runs such as the photodegra-
(R=0.52~0.59 at Alert andR =0.58~ 0.67 at Barrow for  dation of organic bromine and volatilization from sea-salt
the spring 2000) than our present results (see Téble aerosols [titzenberger et 81200Q Yang et al, 2005 Hen-
Under the influence of common mechanisms such as arick et al, 2007. The background BrO levels in the free
downward diffusion near the surface and a horizontal ad-troposphere can be underpredicted also because a moist con-
vection from the south, the transport of ozone and sensiblezection over open leads and polynyas in the sea ice is under-
heat often appears to be correlated in the springtime Arctioepresented in large-scale meteorological models but would
boundary layer. Thus, on the ice-covered ocean across thikely carry reactive bromine compounds as well as mois-
Arctic, a simulated recovery of the ozone mixing ratio tendsture upwards from the near-surface boundary layer quite ef-
to be collocated with an increase in surface air temperaturdiciently (McElroy et al, 1999 Salawitch et a].2010.
(Fig. 9a—b). This also means that the release of bromine to In addition, the BrO concentrations in the lowermost
the atmosphere is simulated to occur at greater rates whergratosphere are most likely underestimated by the SLIM-
the surface temperature is relatively high, sometimes as higicAT model used here becaug&hipperfield et al.(2005
as a prescribed upper limit for the bromine release from thedid not account for very short-lived (VSL) organic bromine
snow in our model (e.g+10°C for Runs 3 and 6). On the compounds such as GBr, and CHBg but represented
other hand, a coincidence of ODEs and decreasing temperdhe decomposition of organic source gases solely by
tures has been often observed at Arctic coastal sites such &HzBr+ OH/hv. The “mean age of air”, or an average time
Alert and Zeppelin Bottenheim et a).199Q Solberg et al.  spent by air parcels after entering the stratosphere, is about
1996 Tarasick and Bottenhein2002. Can we reconcile 6 to 24 months in the Arctic lowermost stratosphere (e.g.,
such observations with the behavior of our model? Chipperfield 2006, so that a fraction of CkBr already de-
Bottenheim and Cha(2006 suggested that a majority of composed into inorganic bromine may change significantly
ODEs at Alert and Zeppelin could have been initiated overwith altitude Pvortsov et al, 1999. On the other hand,
sea ice several days upwind along trajectories across the cetwo main VSL organic bromine compounds, CHBand
tral Arctic Ocean. Our model runs are not designed to revealCH,Br2, have photochemical lifetimes of around 30 days and
a link between specific “BrO clouds” and ODEs at down- 6 months, respectively, and are believed to enter the strato-
wind locations unambiguously. Such a link, however, is sphere in the tropics via deep convective transport as well as
indicated for some cases from backward trajectories calcurelatively slow large-scale upwelling motion in the tropical
lated by the CMC trajectory model using three-dimensionaltroposphere Hossaini et al.2010. It is therefore reason-
wind data from an operational GEM model (see Sect. S3 inable to assume that these VSL organic bromine compounds
the Supplement for details). For example, the arc-shapedre totally converted to inorganic bromine by the time air
“BrO cloud” that matured off the coast of Siberia during 16— is mixed to high latitudes in the stratosphere. Most recent

Atmos. Chem. Phys., 11, 3943979 2011 www.atmos-chem-phys.net/11/3949/2011/



K. Toyota et al.: 3-D modeling of boundary-layer bromine and ozone in the Arctic 3967

TC
o

ol ‘
X

2001-04-15 12UTC

rF

2001-04-17 12UTC [hPa]
o 3 : )

2001-04-16 12U
¥ & ps

550

525

500

475
- 450
- 425
- 400
- 375
H- 350
325
300
275
250
225
200

Fig. 11. Dynamical tropopause pressure levels (in hPa) defined by the 2 PVU surface at 12:00 UTC for each day between 15-22 April 2001
simulated by the GEM model.

stratospheric chemical transport models (including the up-simulated by the GEM-AQ model towards a better agreement
graded version of SLIMCAT) assume a contribution of VSL with the GOME-SLIMCAT data. According to photochem-
organic bromine compounds to the stratosphericl@ading ical box model calculationdcLinden et al, 2010, about

in the range of 410 pmol mot-! to reconcile simulated BrO 50 % of By, exists as BrO in the Arctic lowermost strato-
levels with measurements from various platforms (d&=gng  sphere in the middle of the day during this time of the year.
et al, 2007 Theys et al. 2009 Liang et al, 201Q Salaw-  Thus, 3 pmolmot! of extra BrO between 200-500 hPa is
itch et al, 2005 201Q Sioris et al, 2006 McLinden et al, equivalent to adding 6 pmol mot of stratospheric By (ei-
2010. There are also possible numerical issues with offlinether originating from VSL organic bromine compounds or
transport models and the use of analyzed winds (8ahpe- accommodating numerical issues with tracer transport) to
berl et al, 2003 Monge-Sanz et gl2007). This may result  what was simulated by the SLIMCAT model froBhipper-

in a significant underprediction of the mean age-of-air in thefield et al.(2009, well within the uncertainty range quoted
extra-tropical lower stratosphere and therefore degrade thabove.

simulation of By, profiles, resulting in lower predicted Br Here we show how BrO columns simulated by GEM-AQ
As shown in Fig.11 by changes in dynamical tropopause (Run 3) can be corrected by adding extra BrO in the tro-
levels (defined here by the 2PVU surface) at 12:00 UTCposphere and/or in the lowermost stratosphere to reconcile
for each day between 15-22 April 2001 simulated in thewith the GOME-SLIMCAT data. First, adding the extra
GEM model, the vertical displacement of the tropopause isl pmol mol! of background BrO in the entire troposphere
strongly associated with synoptic disturbances controlling(from the Earth surface up to the dynamical tropopause)
surface meteorology. Among the most striking is the col-removes an offset for the linear regression between GEM-
location of lowered tropopause levels down to about 500 hPaAQ BrO AVCDs and GOME-SLIMCAT tropospheric BrO
encompassing from Canadian Arctic Archipelago to HudsonVCDs (Fig. 12a), but slightly reduces the correlation coef-
Bay with high BrO VCD values in the GOME-SLIMCAT ficient between the two quantities. Next, adding the extra
data (Fig.8a) during 20-22 April. Depending on the amount 0.5 pmol mot? of background BrO in the entire troposphere
of stratospheric Broriginating from VSL organic bromine and 1 pmol mot?® of BrO from the dynamical tropopause up
compounds, such dynamical variability in the lowermostto the 100 hPa level removes the offset for the linear regres-
stratosphere could account for a significant part of variabilitysion and also slightly improves the correlation coefficient.
in total BrO columns even in the springtime Arcti8dlaw-  Adding the extra 0.5 pmol mot of background BrO in the
itch et al, 2010. For instance, a constant BrO mixing ratio entire troposphere and 3 pmol mélof BrO from the dy-
at 3pmolmot! between 200-500 hPa levels (which corre- namical tropopause up to the 200hPa level improves the
spond to a range of variations in the dynamical tropopauseorrelation coefficient to 0.71 and, moreover, the slope of
level shown in Fig.11) will translate to a BrO column of the linear regression is increased from 0.40 to 0.58. This
1.9x10 molecule cm?.  Together with the tropospheric reconciliation procedure works quite well over wide areas
BrO background, this could help reconcile the BrO columnsfrom middle to high latitudes of the Northern Hemisphere
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Fig. 12. The same as FidlO but GEM-AQ BrO AVCDs from Run 3 are recalculated by adding extra BrO to the original model output:
(@) 1pmolmot1 from the surface up to GEM’s dynamical tropopauée) 0.5 pmol mot! from the surface up to GEM's dynamical

tropopause and 1 pmol ntot from the dynamical tropopause up to the 100 hPa level{an@l5 pmol mot-L from the surface up to GEM’s
dynamical tropopause and 3 pmol mélfrom the dynamical tropopause up to the 200 hPa level.

(see Figs.13-14). But the conclusion that “BrO clouds” ture betweer-30~—10°C (e.g.,Shupe et a) 2006 and thus

are boundary-layer phenomena still appears robust particuthe bromine activation process by any of these mechanisms
larly over the eastern and central Arctic Ocean, because theould be offset. In favor of a mechanism that is active at
horizontal structure of the vertical tropopause displacementvarmer temperatures, we note that photolysis of dissolved
(Fig. 11) does not necessarily agree with that of the enhancedmpurities such as b0, NO3 and unknown organic chro-

BrO VCDs in the GOME-SLIMCAT data (Fig3a). mophores leads to an in-snow formation of OH radicals (e.g.,
Anastasio and Jorda2004 Anastasio et al.2007). These
3.4 Potential influences from temperature and acidity =~ May subsequently produce Bin the Br~-containing snow

tory experiments have shown that such photolytic reactions
will proceed at greater yields of the products, viz. OH and

Our model simulations are consonant with the idea that re-

active bromine is released from the saline snow/ice surfaceBrz’ with increasing temperature in the frozen solutiodsy

apparently at temperatures as high-d€9~—15°C, or possi- and Anastasip2003 2005 Abbatt et al, 2010. Thus, de-

. . N eending on which physical and chemical mechanisms ac-
bly even higher, over an extensive area across the springtim S L .
tually exert a major influence on the activation of bromine

Arctic. However, the issue is not clear cut as there are re- hemistry. reactive bromine release from the snow and sub
sults which suggest that a heterogeneous bromine activatiof Y,

in the polar boundary layer is favored at lower temperatures.Sequent ozone depletion in the atmospheric boundary layer

For example, the concentrations of Brelative to C are WiI_I res_pond to changing temperature and acidity conditions
increased in freezing salt solutions especially bele20°C quite differently.

due to the precipitation of NaC2H,0 and MgC} - 12H,0 In the end our scheme is semi-empirical while attempting
(Koop et al, 200Q Morin et al, 2008. Also, the equilibrium O incorporate the main observational features of bromine re-
constants of ReactionR(0) would shift towards a forma- lease, viz. it is valid across the entire Arctic, can be active
tion of Br, as suggested bgander et al(2006. Carbonate UpP to —10°C or higher (e.g.Bottenheim et a).2009, and
precipitation from a freezing brinddfeckmann et a).201Q appears to be limited by the disappearance of ozone (e.g.,
Sander and Morin2010) leads to a decrease in total alka- Impey etal, 1997 Morin et al, 2003. By employing a sim-
linity of the brine, increasing a likelinood of acid-assisted Ple scheme that is controlled and limited by an uptake 9f O
bromine release from the saline snow. For the recycling of fOBr and BrONQ to the snow surface via dry deposition
gaseous bromine reservoirs into photolabile species, coldgfom the atmosphere, itis possible that the model fortuitously
temperatures appear to increase the capacity of aerosols &PProximated the whole processes of greater complexity oc-
accommodate reactants from the gas ph&et(and von curring in reality. However, the reasonable success of our
Glasow 2008. However, in the latter case, if the aerosol simulation with regard to a synoptic-scale variability in the
substrate retains a liquid water content as large as cloud wadoWwer-tropospheric concentrations of BrO ang €lggests

ter droplets, it may rather end up deactivating bromine chem?hat it has captured some of the features of the complex pro-
istry by a dilution of reactants in the condensed phase afteF€SS€s occurring during the evolution of bromine and the de-
taken up from the gas phadeigt and von Glasoy2008. In  Struction of ozone.

this context we note the occurrence of mixed-phase clouds Oum et al.(1998 conducted laboratory experiments for
is very common in the Arctic boundary layer. Their liquid a reactive ozone uptake on the frozen salt solution at pH 8
water fraction increases, in general, notably with temperafor temperatures between5~—1°C. The rate of the Br
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Fig. 13. Spatial distributions of temporal correlation coefficients between GEM-AQ BrO AVCDs and GOME-SLIMCAT tropospheric BrO
VCDs in April 2001: (a) Run 3,(b) Run 4,(c) Run 5,(d) Run 6,(e) Run 7, andf) Run 8. The GEM-AQ output (at the resolution of
0.88x0.88 in the Arctic core) is regridded to %0.5° used for the GOME-SLIMCAT dataset. Shaded by gray where the number of
samples is less than 16.
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Fig. 14. The same as Figl3 but for GEM-AQ BrO AVCDs recalculated by adding extra BrO to the original model output, viz.
0.5 pmol mot from the surface up to GEM's dynamical tropopause and 3 pmattfsom the dynamical tropopause up to the 200 hPa
level.
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Fig. 15. The netair-surface exchange rate of bromine integrated over 24 h between 00:00-24:00 UTC on 20 April 2001 as simulated in
Run 3 and the separate contribution of each operating mechaadiine total net exchange of all the inorganic bromine spe¢@BsBr,

release via dry deposition of ozone on the FY sea(cewet deposition of HBr integrated over the atmospheric colufdnthe net rate of
air-surface bromine exchange via “explosion” chemistry as represented by the gearad(f); (e) Bry release via dry deposition of HOBr

and BrONGQ; and(f) dry deposition of all the inorganic bromine species. Positive values represent a net release to the atmosphere whereas

negative values represent a net loss from the atmosphere (in atom (B ptay 1).

release estimated from their experimental result was apparand/or BrCl to take place efficiently via HOBr uptake on the
ently not high enough to explain the abundance of reactivefrozen sea-salt solution unlike at room temperatiiekert
bromine observed in the field, although it could effectively et al, 1999. For the reactive uptake of BrONQexperimen-
trigger the “bromine explosion’Oldridge and Abbatt2011) tal studies have not been conducted at the temperature and
found a significant increase in the reactive uptake coefficiensubstrate conditions pertinent to polar snowpack. Bulk solu-
(y) of ozone onto a frozen salt solution at pH 5.6 by raising tions melted from Arctic snowfall and snowpack have been
temperature from-40°C to—15°C. They value close tothe found to be moderately acidic during the springtirggss-
higher end of whaOldridge and Abbatteported had been ing, 1977 Semb et al.1984 Cho et al, 2002 Toom-Sauntry
obtained byWren et al (2010 for the heterogeneous surface and Barri¢ 2002 Douglas and Sturn2004), reflecting the
reaction of ozone on a non-acidified frozen NaBr solution atlong-range transport of sulfur and nitrogen oxides of anthro-
—20°C. The latter authors showed that the reaction proceedpogenic origin. It thus seems that an alkaline brine on the
apparently at a similar rate atL0°C as well. However, the snowpack will often be acidified to levels necessary for re-
values on the order of 1§ as derived in these studies again active bromine release via the mechanism studiedFibk-
indicate that the heterogeneous surface reaction of ozone bgrt et al.(1999. In the springtime Arctic boundary layer,
itself is unlikely to account for a buildup of reactive bromine acidic gases and aerosols are transported mainly from Eura-
fast enough as observed in the field. Clearly, as discussesdia (e.g.Christensen1997). If the bromine release from the
later in Sect3.5, the semi-empirical reactive uptake of ozone saline snow is prone to proceed via acid-assisted reactions
on the snow surface in our model is a proxy for other morewith increasing temperature, it may explain the potential re-
complex processes which can be parameterized as functiorgional difference in activity implied from our model runs;

of the surface ozone level. the model performed best where the temperature threshold
for bromine release was relaxed and raisedgg —10°C
g:zun 3) for simulating BrO columns particularly over the
eastern and central Arctic Ocean, while surface ozone at Bar-
row was simulated somewhat better whékes —15°C was
assumed (Run 4).

For the reactive uptake of HOBr onto frozen salt solu-
tions, previous laboratory experiments have been conducte
only at temperatures betweer3~—20°C (Kirchner et al,
1997 Huff and Abbatt 2002 Adams et al.2002). At these
temperatures, acidity is not required for the release of Br
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Since the volume and chemical composition of a liquid- least near coastal/island sites such as Alert, Barrow and Ny
like layer at the surface of frozen salt solutions change subAlesund Berg et al, 1983 Sturges and Barrje1988 Olt-
stantially with temperature (e.gGho et al, 2002 Abbatt mans et al. 1989 Barrie et al, 1994 Impey et al, 1997,
2003, it is desirable to perform laboratory experiments con- Lehrer et al. 1997). This indicates that a source other than
sistently to explore if any changes occur in the reactive up-airborne sea-salt aerosols should account for most of the re-
take coefficient and product yields of each heterogeneousctive bromine observed in the air. Nonethelé&mg et al.
reaction of interest over wide ranges of substrate temperaf2008 2010 implemented an algorithm to simulate gaseous
ture and acidity conditions for characterizing the chemistrybromine release from sea-salt aerosols that originate from a
of halogens in the polar boundary layer. sublimation of wind-blown snow after detached from saline

snowpack in their three-dimensional tropospheric chemical
3.5 Budget analysis of the parameterized mechanisms  transport model with bromine chemistry. They concluded

for air-surface bromine exchange that the amount of bromine originating from the wind-blown

snow could be abundant enough to account for the occur-
As discussed in SecB.2, reactive bromine release from the rence of “BrO clouds” in the springtime Arctic boundary
snowf/ice surface is strongly influenced by changing meteodayer. A key assumption byang et al.was that Br is de-
rological conditions. Figurd5a shows thenetsurface flux  pleted relative to Né& in the snow-derived sea-salt aerosols
of Bry integrated over 24 h on 20 April 2001 as simulated in to provide a source of gaseous bromine. This, however, is
Run 3. The maximum net surface-to-air flux of,Bvas sim-  contradictory to aerosol chemistry observations in the Arctic
ulated to reach greater thanca03atom (Br)cnt2day ! cited above, implying that the aerosols had, de facto, already
in the eastern and central Arctic Ocean as well as in bebeen “seeded” with bromine sufficient to cause the gaseous
tween Canadian Arctic Archipelago, contributing to a build “BrO clouds” in theYang et al.model. It still seems that the
up of “BrO clouds” located in those areas on the samebromine release occurs directly from the wind-blown snow
day (Fig.8a—b). Note, however, that the net surface-to-air before sublimation, as suggestedlmnes et al(2009. The
Bry flux was most likely overestimated in Baffin Bay (see inclusion of this process could have raised simulated BrO
Sect.3.3). A breakdown of the total net flux from each con- columns particularly when windy in our model to give a fur-
tributing mechanism (Figl5b—f) points to a revealing result ther improvement in the correlation and the slope of linear re-
from our simulation. Contrary to our original expectation, gression between simulated and measured BrO columns dis-
the ozone trigger (Figl5b) contributed primarily to a build  cussed in SecB.3. In our present setup, the wind-induced
up of atmospheric bromine whereas the bromine explosiorenhancement of the efficiency for bromine release from the
caused by HOBr and BrONQ(Fig. 15e) was of secondary snow occurs mainly by an increase in dry deposition veloci-
importance in the simulation. Thus the tuning parameter forties for HOBr and BrON@ as a result of decrease in aerody-
the ozone trigger®; = 0.075, see SecR.3) seems to be a namic resistance. However, its effect on the overall bromine
reasonable measure of the complex processes that actualtglease from the snow is probably not large enough to ap-
occur at (or near) the air-snow interface in the Arctic envi- proximate the process associated with blowing/drifting snow.
ronment. On the other hand, if the bromine explosion takes place in

Sander et al(2006 suggested that wind-abraded grains the interstitial air of the snowpack, it can produce a large
from the saline snowpack (drifting/blowing snow) would amount of Bp while ozone imported from the overlying
serve as a major salinity source to the polar boundary layeatmosphere is lost via gas-phase bromine chemistry. This
which would then lead to the bromine explosion and ODEs.process appears likely to be happening because ozone de-
Such a process seems consistent with ground-based opticatruction in the interstitial air, often enhanced by sunlight,
measurements at Neumayer station, Antarcticrisfd etal.  has been inferred from ozone measurements in the polar
(2004. They found enhanced overhead BrO columns of-snowpack Peterson and HonratR001; Albert et al, 2002
ten occurring simultaneously with enhanced slant columnsHelmig et al, 20073. Our air-snowpack interaction scheme
of O, dimer (as an indicator of aerosol multiple scattering). implicitly expresses such a linkage by relating the dry depo-
Jones et al(2009 also reported a compelling case where sition of ozone onto the snow surface to the release of Br
blowing snow was most likely involved in the occurrence of into the atmosphere. We note that the molar yield of Br
high BrO column and surface ozone depletion from ground-released to the atmosphere per mole afi@ported from
based observations at Halley station, Antarctica. Also in thethe ambient air and destroyed via gas-phase bromine chem-
Arctic, the occurrence of ODEs is sometimes accompaniedstry in the interstitial air of snowpack could be as high as
by increased concentrations of sea-salt aerosols (éagp; 100 %, if all the BrO radicals formed via ReactidR1) un-
per and Hart1994. However, as has been pointed out fre- dergo subsequent reactions only to form HOBr and BrQNO
quently (e.g.McConnell et al. 1992, the concentrations of in the gas phase, heterogeneously converted $o(Beac-
bromine in either gaseous or particulate form are generallyftions R4-R5) and finally released to the atmosphere. The
far in excess of what could be expected from sea-salt commolar yield of Bp could be even higher if there is a photo-
position (or sodium) in aerosols during the Arctic spring at chemical ozone production in the interstitial air as a result of
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NO, and/or HONO release via NDphotolysis in the snow- istry, because some pre-conditioning processes such as a
pack surface (e.gGrannas et /2007, but it would more  brine expulsion on the top of refreezing leads may occur only
likely be smaller than 100 % considering a possibility of al- below —20°C (Martin et al, 1996. While the opening and
ternative reaction pathways such as the self-reaction of BrQefreezing of leads and the concomitant brine expulsion onto
(ReactionR2) to destroy ozone catalytically and the forma- the sea ice are probably the most active in the winter, this
tion of HBr followed by its uptake to the ice surface before activity seems to be significant also during the sprifgt{(

Br, is exported to the overlying ambient air. The pumping et al, 1994. The overall process, viz. from the brine ex-

of air into and out of the snowpack is expected to increasepulsion on the sea ice to the bromine release into the atmo-
with surface wind speed (e.@€unningham and Waddingtpn sphere, may be occurring at ambient temperatures changing
1993, perhaps facilitating the Brrelease from the snowpack extensively even at the timescale of synoptic disturbances.
if it is associated indeed with the ozone loss in the interstitial The present model study also corroborates conclusions from
air. While such a wind-speed dependence is virtually absenbther recent studies that indicated a critical role of transport
for the ozone trigger in our semi-empirical scheme, photo-processes associated with synoptic disturbances in the occur-
chemistry in the snowpack interstitial air could thus have arence of high tropospheric BrO column events in the Arctic
strong connection to the evolution of bromine in the polar (Begoin et al.2010 and in the AntarcticJones et al2010
boundary layer. using the variability in the observed ozone and BrO levels.

In summary, given the agreement of the simulations with In our scheme of air-snow chemical interactions, the ma-
observations and the nature of the semi-empirical ozone trigjority of bromine input to the atmosphere occurs via a semi-
ger in our model, it seems quite plausible to assume thaempirically formulated coupling betweenBrelease and the
bromine release and ozone destruction in the near-surfacdry deposition of ozone on the snow/ice surface. The success
ambient air loaded with wind-blown snow and/or in the of this parameterization in capturing much of the synoptic
snowpack interstitial air are approximately collocated. A de-behavior of BrO indicates that it is necessary to scrutinize the
pendence on the wind speed associated with these processgdemical and physical, presumably multiple-step, processes
would likely be underrepresented in our present model condinvolved in the transformation of Brat the snow/ice surface
figuration. This could be another reason for rather too lowinto volatile gaseous bromine species. We speculate that the
BrO columns simulated by our model, even after applyingpumping of ambient air into and out of the snowpack (e.g.,
the offset to correct possible contributions from BrO near theMcConnell et al. 1992 and the blowing/drifting snow lofted
tropopause, as compared to the GOME-SLIMCAT data (sedrom the surface (e.gSander et al2006 are both playing a
Sect.3.2-3.3). role especially under the strong surface wind.

The evaluation of our model scenarios indicated the likeli-

hood that physical and/or chemical conditions on the FY sea
4 Conclusions ice are more advantageous fonBelease relative to the con-

ditions on the MY sea ice. While the FY sea ice is certainly
Gas-phase and heterogeneous bromine chemistry and a siimore prone to the formation of open and refrozen leads as
ple scheme of air-snowpack chemical interactions have been source of salinity than the MY sea ice (elgwok, 2009,
implemented in an online air-quality model, GEM-AQ, to the chemically labile nature of bromine assists its transport
simulate the production of reactive bromine species andover an extended distance via successive depositions and
the destruction of ozone in the springtime Arctic boundary re-emissions between the atmosphere and the surface snow
layer. A comparison of model runs with observations for (Simpson et a).2005. Clearly, a better understanding of
April 2001 suggests that Brwas retained in the snowpack the “life cycle” of bromine in the polar ocean-atmosphere-
ubiquitously on sea ice across the high Arctic and that itseaice-snowpack system will increase our capacity to simu-
was accessible to the overlying ambient air and led to thdate bromine chemistry in the high-latitude boundary layer
release of reactive bromine gases such ags Bihe timing  after polar sunrise towards the beginning of the summer and
and location of the bromine release appeared to be controlledlso to predict how it will change under a different climate in
mainly by the horizontal and vertical transport of ozone-rich the future (e.g.Voulgarakis et al.2009.
air masses, which facilitate the oxidation of Bn the snow- In this study, we did not deal with the chemistry of chlo-
pack perhaps via secondary oxidants (such as HOBr) formedne and iodine. While they appear rather unimportant for
in chain reactions involving ozone. Such transport eventsozone budget in the springtime Arctic boundary layer, it
normally result from synoptic disturbances, which also breakmay not necessarily be the case under the future climate.
up the surface temperature inversion and raise temperaturdsven under the present climate, reactive chlorine chemistry
at the air-snowpack interface. The results indicate that thés known to be very important for the loss of hydrocarbons
snowpack could be actively releasing bromine at tempera{but not ozone) in the springtime polar boundary layer. How-
tures as high as- 10~—15°C or possibly even higher. This, ever, quite often chlorine activation is neither collocated nor
however, does not necessarily preclude the importance ofynchronized with bromine activation and the mechanism is
lower temperature conditions for the Arctic bromine chem- quite uncertain (e.glmpey et al, 1997 Tuckermann et a|.
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1997. The rare occurrence of high IO levels in the spring- (AVCDs) by dividing them with geometric AMFs (AMg:
time Arctic is probably related to a small source strength of

organic iodine compounds of marine biogenic origiat  [gr0 AVCD] = Jnero()AMFp(z, @, 0)dz (A1)
hajan et al.2010. However, it is not known whether this AMFg(6y, 0s)

wil rlema(ijn thz Ss.mlf underfthe fPt“re %Iirﬂate Wgh a_signifi- \gherengro is a vertical profile of simulated BrO number
cantly reduced thickness of sea ice and the predominance g S o

the FY sea ice@verland and Wang007 Wang and Over- ensities in molecule cn? and AMFy is given by

land 2009. There is also a suggestion that iodide)(tould 1 1

catalyze the release of bromine and chlorine from sea-salt sd*MFg (6. bs) = cog6y) T cog6s)

lutions in certain conditionsHhami et al.2007). Hence it is . ) ) .
potentially important to understand the source and the chemWith 6 = 0° assumed again. This AMFapproximates
istry of chlorine, bromine and iodine altogether to project the column-integrated AMFs for a purely stratospheric BrO pro-
future of the chemical environment in the Arctic boundary file used for the GOME-SLIMCAT tropospheric BrO VCD
dataset within 15 % fofs < 80°.

(A2)

layer.
Supplement related to this article is available online at:
http://www.atmos-chem-phys.net/11/3949/2011/

Appendix A acp-11-3949-2011-supplement.pdf
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Vertically-resolved, or box, air mass factors (ARre cal- of Environment Canada for providing surface ozone data from

culated using the VECTOR (VECTor Orders-of-scattering Aflert, tA' F:Iat; Olf Enyironmtent tc,zlna?aG;\(\)/(/ thtet.maintergjar'l\ce
Radiative transfer) modelMcLinden et al, 2002 2006). of meteorological equipments at /ver station, and A-

. L G. Hijellbrekke of Norwegian Institute for Air Research for
VECTOR accounts for the diurnal variation in BrO concen- providing meteorological data from Zeppelin. Surface ozone

trations along the incoming solar beam, an effect that beata for Barrow and Summit were obtained from NOAA/ESRL
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