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Abstract. During springtime in the polar regions, unique activity of halogens as compared to OH and ozone has broad
photochemistry converts inert halide salt ions (e.g-)Bnto impacts on atmospheric chemistry, including near complete
reactive halogen species (e.g. Br atoms and BrO) that deremoval and deposition of mercury, alteration of oxidation
plete ozone in the boundary layer to near zero levels. Sincdates for organic gases, and export of bromine into the free
their discovery in the late 1980s, research on ozone depletroposphere. Recent changes in the climate of the Arctic and
tion events (ODESs) has made great advances; however marstate of the Arctic sea ice cover are likely to have strong ef-
key processes remain poorly understood. In this article wefects on halogen activation and ODESs; however, more re-
review the history, chemistry, dependence on environmentasearch is needed to make meaningful predictions of these
conditions, and impacts of ODEs. This research has showrhanges.

the central role of bromine photochemistry, but how salts
are transported from the ocean and are oxidized to become

reactive halogen species in the air is still not fully under-

stood. Halogens other than bromine (chlorine and iodine) ard. ~ Introduction, history, and chemical mechanisms

also activated through incompletely understood mechanisms

that are probably coupled to bromine chemistry. The mainl.1 Introduction

consequence of halogen activation is chemical destruction of

ozone, which removes the primary precursor of atmospheric he Arctic and Antarctic, geographically remote as they may
oxidation, and generation of reactive halogen atoms/oxide®e, have a significant impact on the global atmosphere. They

that become the primary oxidizing species. The different re-play an important role in the atmospheric and oceanic circu-
lation and are regions where unusual chemical processes take

Correspondence to: W. R. Simpson place. The glacial ice in polar regions represents an excep-
(ffwrs@uaf.edu) tional archive of atmospheric composition histories, which
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vere depletion in stratospheric ozone (Molina and Rowland,

1974). In the mid 1980s, the springtime stratospheric ozone
hole over Antarctica was discovered (Farman et al., 1985).

The ozone hole involves heterogeneous reactions on polar
stratospheric clouds that lead to chlorine activation (Solomon

etal., 1986).

Like the discovery of stratospheric ozone depletion,
the observation of ozone depletion events within the po-
lar boundary layer in the mid-1980s came as a surprise.
JIrlmlalmlalalalslolnlp Episodes of low surface ozone concentrations were measured

at Barrow, Alaska (71N, 157 W, Oltmans, 1981; Oltmans

Fig. 1. Box and whisker plots showing 9 years of observations of and Komhyr, 1986) and at Alert, northern Canada (8.5
03 mole fractions in (nmol/mol) at Alert (red), Barrow (green), and 62.3 W, Bottenheim et al., 1986; Barrie et al., 1989) in late
Zeppelinfiellet (also called Nyklesund in this paper) (blue). The winter/early spring. Ozone levels drop from typical levels
smoothing curves were generated by LOWESS, a nonparametripf >30 nmol/mol to below 10 nmol/mol, or even below de-
technique used here to illustrate the seasonal cycles for the thregaction limit (Oltmans, 1981; Barrie et al., 1988). These
stations (Qleveland and Devlin, 1988;ifaeet aI.,.2000). !_ower and episodes were called “ozone depletion events” (ODEs, Olt-
upper whiskers are the 5th and 95th percentiles, _wh|Ie the bo_ttommans et al., 1989). After being discovered in the Arctic,
and_ top of .boxe.s are the 25th and 75th percem."es’ reslOea'\’e'yODEs were also observed in the Antarctic boundary layer
Horizontal lines inside the boxes are monthly median values for the . -
9-year period, and the symbols are monthly means. Reprinted frorr(Kr.eher etal, 1.996’ 1997; Wessel et al.', 1998) p'rom'ptlng. a
Bottenheim and Chan (2006) with permission from the American variety of new field programs and satell!te Investigations in
Geophysical Union (AGU). the Antarctic. Interestingly, ozone depletions were measured

in 1958 at Halley, but the data were not interpreted until the

late 1990s. For an historic overview, see Sect. 1.2.

Early on, halogens were found to be involved in the ozone
can be extracted by ice coring. The Arctic, in particular, is in- depletion process, since strong ozone depletion events co-
fluenced by pollution affecting the biosphere and indigenousincided with high levels of filterable bromine (f-Br) (Barrie
people, for example by deposition of mercury and persistentkt al., 1988). A bromine radical-catalyzed cycle involving Br
organic pollutants (POPs). and BrO was suggested (Barrie et al., 1988; Fan and Jacob,

The atmospheres of the Arctic and Antarctic are unique.1992; McConnell et al., 1992; Hausmann and Platt, 1994)
Dominated by cold temperatures, stable stratification of thewith BrO+BrO—2Br+0, as the central reaction (for a de-
boundary layer and unusual light conditions, they are antailed discussion of the chemical mechanism see Sect. 1.3).
exceptional natural laboratory to study atmospheric pro-In contrast, stratospheric ozone depletion is dominated by
cesses. The Antarctic atmosphere is pristine, dry and isoehlorine chemistry (CIO self reaction forming the,Ob
lated from the rest of the atmosphere by the surroundingdimer) and halogen oxide cross reactions (Yung et al., 1980;
Southern Ocean and the polar vortex. The Arctic, howeverMcElroy et al., 1999).
is strongly influenced by seasonal atmospheric transport and Because ozone is the precursor for most atmospheric ox-
anthropogenic emissions due to its proximity to landmassesdizers, it generally controls the atmospheric oxidation po-
and highly industrialized countries. Lifetimes of chemical tential. However, during ozone depletion events, ozone-
species are long in polar environments, especially during thelominated oxidation pathways become less important and
dark months of winter with a lack of photochemistry. The unique halogen-dominated oxidation pathways become most
winter/spring Arctic pollution phenomenon, known as Arctic important. These new pathways alter lifetimes of species and
haze (e.g. Mitchell, 1957; Schnell, 1983; Barrie et al., 1989;change their fates in the environment. A key example of
Shaw, 1995; Stohl, 2006), is enhanced by inefficient disperthis effect is that halogens efficiently oxidize gas-phase mer-
sal of pollutants and slow removal rates (Barrie, 1986). cury and cause it to be transferred from the atmosphere to

Large areas in the polar regions are perennially coveredhe snow, probably enhancing its bioavailability. This impor-
by ice, providing an invaluable paleoarchive in the form of tant topic is briefly discussed in Sect. 4.1 and in more detalil
glacial ice cores (Legrand, 1997; Legrand and Mayewski,in an accompanying article (Steffen et al., 2007). Another
1997; EPICA community members, 2004). Understandingexample is volatile organic compounds (VOCSs) that get very
polar atmospheric chemistry is essential for the interpretatiorefficiently oxidized by the Cl atom (see Sects. 2.2 and 4.2).
of ice cores and to reconstruct past variations in atmospheric Ozone depletion episodes are most commonly observed
composition. during springtime, March to May in the Arctic (Tarasick and

Interest in Antarctic atmospheric chemistry intensified Bottenheim, 2002; Bottenheim and Chan, 2006) and August
after it was postulated that industrially produced halocar-to October in the Antarctic (Kreher et al., 1997; Roscoe et al.,
bons (particular chlorofluorocarbons, CFCs) could cause se2001; Friel3 et al., 2004; Jones et al., 2006), when sunlight re-

AT BRW [l zr.
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turns to the high latitudes, but temperatures are still low (be-far and is discussed in detail in Sect. 3.1 of this article.
low —20°C). Most observations of ODEs have beenrecorded 0Ozone depletion events occur mostly over the frozen
from coastal sites when the ocean is frozen and snow covecean, as supported by aircraft (Ridley et al., 2003), ground
ered, although leads and polynyas dynamically open exposbased ice camp (Hopper et al., 1994, 1998), and ship-borne
ing salt water and freeze over again. A statistical analysis obbservations (Jacobi et al., 2006). Satellite observations of
the ozone seasonal cycle at Alert, Barrow, andilgsund BrO also indicate that it is present mostly over the frozen
(7N, 12 E) is shown in Fig. 1. For a map of all sites de- ocean, thus indirectly indicating {depletion over frozen
scribed in this paper and their geographic coordinates, see theceans (Richter et al., 1998c; Wagner and Platt, 1998a; Wag-
electronic supplement (http://www.atmos-chem-phys.net/7her et al., 2001). However, depleted air masses can also be
4375/2007/acp-7-4375-2007-supplement.pdf). In this fig-transported to lower latitudes or over land. When discussing
ure, ODEs appear as decreases in the smooth seasonal @DEs, it is important to distinguish between advection of
cle during March, April, and May and enhanced variability ozone depleted air masses to a measuring site (meteorology
during these months. Typical unaveraged data show eithecontrolled), local chemical ozone depletion (chemistry con-
high (~30-40 nmol/mol) ozone or near zero values, depend+rolled) and a combination of the two.
ing upon whether the site is experiencing a background or an Section 3.2 contains further discussion of the relation-
ODE air mass. ship between boundary layer structure and ozone depletion
The most severe and temporally extensive ODEs haveepisodes. Transport-controlled ODEs can be very rapid in
been observed over the frozen Arctic Ocean. Measurementtheir onset (timescale of minutes, Morin et al., 2005), as-
performed on ice floes in the Arctic during ice camp SWAN sociated with significant ©loss and wind speed and di-
northwest of Ellesmere Island (Hopper et al., 1994) and Nar+ection changes (Jones et al., 2006), while chemically con-
whal, 160 km North of Alert (Hopper et al., 1998) found that trolled ODEs appear normally much more gradual and are
ozone levels were regularly very close to zero. Ship-bornenot as intense (Jones et al., 2006). However, some fast O
measurements performed in the Arctic in 2005 confirm thisdepletions £7 h) have been linked to local chemistry (Ja-
observation (Jacobi et al., 2006). Hopper et al. (1994) recobi et al., 2006). The duration of ODEs at coastal sites
ported that ozone was undetectabled(4 nmol/mol) during is typically between 1-3 days, depending on meteorology.
40% of the time at polar sunrise during ice camp SWAN. During ALERT2000, a 9-day period with basically no ozone
During the flight campaign TOPSE, Ridley et al. (2003) ob- occurred, one of the longest ODEs ever recorded at Alert
served large areas over the Arctic with low ozone levels andBottenheim et al., 2002; Strong et al., 2002). In April 1992
Zeng et al. (2003) estimate that 20% of the area of the northduring ice camp SWAN, Hopper et al. (1994) detected ODEs
ern high latitudes are influenced by ODEs. This finding is in most of the time with ozone at or below the detection limit
agreement with satellite measurements that show large an{.4 nmol/mol) more than 40% of the 18 day measurement
persistent areas of elevated BrO in spring over the Arcticperiod. From the analysis of historical ozonesonde records,
(Richter et al., 1998c; Wagner and Platt, 1998a). Recent analfarasick and Bottenheim (2002) concluded that springtime
ysis of historic ozone data from 1958 showed depleted ozonsurface temperatures below20°C seem to be required for
also in the Antarctic boundary layer in the middle of winter the occurrence of ODEs. However, observations of BrO at
(Roscoe and Roscoe, 2006), suggesting a different chemicabove freezing temperatures over salt lakes and lake beds
mechanism since no sunlight is available for photolytic reac-indicate that cold temperatures are not a prerequisite for
tions. halogen activation (e.g. Hebestreit et al., 1999, see also
The main source of reactive bromine species (Br and BrO)Sect. 2.1.3). The mechanism by which halogen activation
is bromide from sea salt that is released via a series of photosccurs at salt lakes may be subtly different from that of polar
chemical and heterogeneous reactions known as the bromirtgalogen activation, which does seem to be enhanced by cold
explosion (see Sect. 1.3). Biogenic oceanic sources haveemperatures (Tarasick and Bottenheim, 2002). The end of
been discussed from the early days (Barrie et al., 1988) buan ODE is largely determined by meteorology since vertical
are probably of smaller importance as bromine source for poor horizontal mixing with @-rich air is required to replenish
lar regions. Biogenic halogen sources may be of more imporO3. Chemical Q production is generally not sufficient for a
tance to upper tropospheric chemistry, as has been recenthgcovery (due to low NQ).
considered (Yang et al., 2005; Salawitch, 2006). Consider- The frequency of ODEs at Arctic and some Antarctic sta-
ing boundary-layer halogen activation, it is still unclear how tions was analyzed from historical ozonesonde records by
bromide from sea salt is released to the gas phase. Interadarasick and Bottenheim (2002). ODEs occurred frequently
tions between snow/ice surfaces and the atmosphere probat Alert, Resolute, and Eureka (Barrow was not considered
bly play an important role. Sea-ice surfaces, aerosol, brinein this study, but also shows frequent ODEs). Other Arc-
and frost flowers — delicate ice crystals that grow out of thetic stations such as N)§Hesund and Churchill experienced
vapor phase and transport concentrated brines of young seéewer ODEs probably due to less nearby sea ice coverage
ice — have raised a lot of interest as bromine source in recerdind warmer conditions.
investigations. However, the question remains unsolved so Vertically, most ODEs extend from the surface to 100—
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Table 1. Major field campaigns related to ODEs in the Arctic and Antarctic. The following are acronyms in the table: Arctic Gas and Aerosol
Sampling Program (AGASP), Polar Sunrise Experiment (PSE), Tropospheric Ozone Production during the Spring Equinox (TOPSE), NI-
trogen Cycle and Effects on the oxidation of atmospheric trace species at high latitudes (NICE), Out On The Ice (OOTI), Chemistry of
the Antarctic Boundary Layer and the Interface with Snow (CHABLIS). ARCTOC was an ozone depletion campaigAlesiiyd, and

LEADX involved experiments at an open lead near Barrow. Some campaigns do not yet have an overview paper and thus do not have a
reference.

Campaign Location year Reference
AGASP-II Arctic Ocean 1986 Mickle et al. (1989)
PSE 88 Alert, Canada 1988 Bottenheim et al. (1990)
AGASP-III Barrow, Alaska 1989 Sturges and Shaw (1993)
PSE 92 Alert, Canada 1992 Barrie et al. (1994)
AGASP-IV Arctic Ocean 1992 Davidson and Schnell (1993)
PSE 94 Alert, Canada 1994 Hopper et al. (1998)
ARCTOC NyAlesund, Svalbard ~ 1995,1996 Platt and Lehrer (1996); Barrie and Platt (1997)
PSE 98 Alert, Canada 1998
ALERT2000 Alert, Canada 2000 Bottenheim et al. (2002)
TOPSE North American Arctic 2000 Atlas et al. (2003)
NICE Ny-AIesund, Svalbard 2001 Beine et al. (2003)
OOTI Alert, Canada 2004, 2005 Morin et al. (2005)
LEADX Barrow, Alaska 2004, 2005
CHABLIS Halley, Antarctica 2004 Jones et al. (2007)

1jones, A. E., W., W. E., Salmon, R. A., and Bauguitte, S. J.-B.: Chemistry of the Antarctic Boundary Layer and the Interface with Snow: An overview of the CHABLIS campaign,
Atmos. Chem. Phys. Discuss., in preparation, 2007.

400 m (Mickle et al., 1989; Leaitch et al., 1994; Anlauf etal., 1.2 Historic overview of the discovery of ODEs
1994; Gong et al., 1997; Tarasick and Bottenheim, 2002; ] o )
Bottenheim et al., 2002; Strong et al., 2002; Tackett et a|_,The first reports on surface ozone depletion in the Arctic

2007), but the depth can increase during the season, frorfate from the 1980s. In a paper on surface ozone mea-
100-200 m in early spring to as high as 1-2km altitude in SUrements in clean air, Oltmans (1981) noted that the great-

late spring (Bottenheim et al., 2002; Ridley et al., 2003). &St day-to-day changes ins@ccurred at Barrow during the

Solberg et al. (1996) found that during some episodes in théPring. Similarly, Bottenheim et al. (1986) reported a sig-
Norwegian Arctic ozone was nearly completely depleted upnificant (and quite variable) decrease ig Bvels at Alert

to 2km altitude. DOAS measurements at Alerbiinger without being able to explain these observations. The key to
and Platt, 2002), Hudson Bay @ninger et al., 2004b), and the understanding of the Arctic surface ozone depletion came

Neumayer, Antarctica (FrieR et al., 2004) showed that Bro-Shortly afterwards. During the second AGASP campaign
enriched air is often found at the surface but can be lifted tolArctic Gas and Aerosol Sampling Program; see Table 1 for
elevations of up to 4 km (FrieR et al., 2004). an overview of major field campaigns related to _ODEs) in
This review article presents our current knowledge on tro-1986, 0zone was sampled together with Br collection on cel-
pospheric ozone depletion in the Arctic and Antarctic. It lulose filters. Atmospheric bromine was chosen to be stud-
combines a historical review of the discovery of the phe- ied because of another curious observation in spring, the oc-

nomenon (in Sect. 1.2) with the most recent laboratory, mod-currence of “excess of filterable bromine” (f-Br), bromine
eling, remote sensing, and field results. Chemical reactiorhat could not be explained from windblown dust, sea salt, or

mechanisms for bromine, chlorine and iodine are discusse@utomobile fuel additives (Berg et al.,, 1983; Sturges, 1990).
in Sect. 1.3. Methods involved in the study of ODEs are ©Z0ne and f-Br data from spring 1986 at Alert (Fig. 2) show

discussed in Sect. 1.4, while observations of halogens an{f’® now classical strong negative correlation (Barrie et al.,
their roles in ODEs are discussed in Sect. 2. The influence of-988)- Barrie et al. (1988) hypothesized that the chemi-
sea ice, boundary layer meteorology and photochemistry off@! mechanism of ©depletion involves a bromine-catalyzed
ODEs is discussed in Sect. 3, while the impacts of ODEs orfhain reaction and that photolysis of bromoform (CE)Br
mercury deposition, ice cores, the free troposphere and othefould be the source of Bratoms. They speculated that hetero-
aspects of polar chemistry are described in Sect. 4. Ope§€N€oUs chemistry on ice surfaces could be involved. In sub-

questions and future scenarios of 0zone depletion events aR€duent years knowledge advanced through intensive field
highlighted in Sect. 5 of this article. campaigns as well as laboratory and modeling studies. A

chronology of major field campaigns in the Arctic follows
(Table 1).

Atmos. Chem. Phys., 7, 4375-4418, 2007 www.atmos-chem-phys.net/7/4375/2007/
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The first field campaign dedicated to the study of ODEs
was the Polar Sunrise Experiment 1988, PSE88, see Botten-
heim et al. (1990) at Alert, Canada. The PSE88 campaign
involved studies that investigated the bromoform photolysis
hypothesis proposed by Barrie et al. (1988). Indeed, during
PSEB88 a strong negative correlation betwegrad CHBg
was observed, results that were confirmed during the sec-
ond Polar Sunrise Experiment at Alertin 1992 (PSE92, Yok-
ouchi et al., 1994). Similar correlations were observed at
Barrow during the AGASP-IIl experiment in 1989 (Sturges
and Shaw, 1993). However, CHBphotochemistry as cause
for O3 depletion was ruled out after absorption spectra of
CHBr3 were obtained and spectroscopic data were analysed
(Moortgat et al., 1993). Using this cross section, the pho- April 1986
tolytic lifetime of bromoform under Arctic springtime con-
dItI0n§ is~100 days _(Slmpsor_1 et al., 2002), indicating that Fig. 2. The first published observation of the anticorrelation be-
\{ery little of the reactive bromme could come from the relaj tween ozone and filterable bromine, measured at Alert. Filled
tively low observed concentrations of bromoform (Yokouchi gqyares show filterable Br (-Br) in ngfnfrom 24 h filter pack,
et al., 1996) NevertheIeSS, a truly SatiSfaCtory eXplanatiorbpen squares show daily averaged ozone in nmol/mol (ppbV).
for the strong CHB§-O3 correlation was not found. It has Reprinted by permission from Macmillan Publishers LTD: Nature,
been proposed that reactive halogen chemistry during ODEBarrie et al. (1988), copyright 1988.
could in fact be producing halocarbon gases (Carpenter et al.,
2005h), possibly explaining high halocarbon gas abundances
during ODEs (see Sect. 3.3.2). Based on trajectory calculaexplained during PSE98, when it was discovered that gas
tions and satellite images Sturges and Shaw (1993) deducgghase HCHO was emitted from the snow (Fuhrer et al., 1996;
that high levels of CHBywere due to recent passage4 h) Hutterli et al., 1999; Sumner and Shepson, 1999). At the
of the air over open leads in the ice. This implied that O same time, Honrath et al. (1999) discovered at Summit that
depletion also must have occurred within the same time peNOx was produced in sunlit snow. These unexpected discov-
riod. Another important result from AGASP-III, which was eries of active snow pack chemistry became a major topic of
largely an aircraft campaign, was thag @epletioninthe ma-  research, giving rise to summer projects at Summit in 1999,
rine boundary layer was observed commonly over the Arctic2000, 2001, 2002, 2003, 2004, and 2006, the ALERT2000
Ocean (Sheridan et al., 1993). They also confirmed that f-Bicampaign, and the South Pole campaigns in 1998, 2000, and
was mostlyparticlulate Br, and notgas-phase HBr (Sturges 2003 (for further information see the accompanying snow
and Shaw, 1993; Sturges et al., 1993). photochemistry review, Grannas et al., 2007). It was shown

During PSE92 (Barrie et al., 1994), long-path DOAS mea-that Os;, once in the snow pack, is short lived (Bottenheim
surements confirmed for the first time the role of BrO (Haus-et al., 2002), that molecular halogens £§BBrClI) are pro-
mann and Platt, 1994) and Jobson et al. (1994) showed thatuced in the snow (Foster et al., 2001) along with several
Cl atom chemistry, although not drivings@epletion, was  other species like NQ HONO and VOCs, and that oxidized
taking place, confirming speculations by Kieser et al. (1993).mercury (Hdll)) can be photo-reduced in the snow leading

During an 18-day study at ice camp SWANz @as de- to re-emission of elemental Hg into the atmosphere (see also
pleted over the Arctic ocean for most of the time and only in- the accompanying mercury review, Steffen et al. (2007).
creased due to turbulent mixing of ozone-rich air from aloft While many discoveries have first been made in the Arc-
(Hopper et al., 1994). Ingenious methods were designed antic, these processes have subsequently been observed to vary-
employed to measure “photolysable bromine” (Impey et al.,ing degrees in the Antarctic. Boundary layeg Qepletion
1997b) and in-situ BrO (Mihele and Hastie, 1998). Further-in the Antarctic was first observed in the mid-1990s (Kre-
more, continuing efforts were made to determine low molec-her et al., 1996, 1997; Wessel et al., 1998) also reporting
ular weight carbonyl compounds (formaldehyde HCHO, ac-the presence of BrO (Kreher et al., 1997). Since then, many
etaldehyde CHLCHO, acetone CECOCH;), as they were  more Antarctic field (Rankin et al., 2002; Wolff et al., 2003;
thought to play an important role in the cycling of reactive Friel3 et al., 2004; Jones et al., 2006; Kalnajs and Avallone,
bromine (Barrie et al., 1988). During PSE92, de Serves2006) and satellite studies (Wagner and Platt, 1998a; Richter
(1994) made on-site measurements and found HCHO levet al., 1998c; Hegels et al., 1998a; Kaleschke et al., 2004)
els much higher than predicted by Barrie et al. (1988),have been performed. Analysis of historical surface ozone
based on a gas phase production mechanism. Studies usimgta from Halley has shown that ozone depletion events
the DNPH (2,4-Dinitrophenylhydrazine) technique (Shepsonwere observed as early as 1957/8 during the International
et al., 1996) yielded similar high concentrations, which wereGeophysical Year (Roscoe and Roscoe, 2006).

Ozone (nmol/mol) and £-Br (pg/m?)

www.atmos-chem-phys.net/7/4375/2007/ Atmos. Chem. Phys., 7, 4375-4418, 2007
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For catalytic destruction of ozone to occur, the XO must
recycle to X atoms without production of ozone. The pri-
mary reactions that destroy ozone are the reactions with other
halogen oxides or H® In polar regions, the halogen oxide
reactions are most important, so we consider them first. The
self reaction of halogen oxides reforms halogen atoms or di-
halogens, which rapidly photolyse leading again to two X
atoms,

XO + XO — 2X 4+ Oy
— X2+ 02 (R3)

In the <case of XO=BrO the rate constant
k3=3.2x10"2cmmolecs™! (Atkinson et al., 2006).

Fig. 3. Key reactions for the XO self reaction ozone destruction The reaction sequence that combines (R1) and (R3) using
reaction cycle. X=Br was proposed by Barrie et al. (1988) to explain Arctic
ozone depletion episodes (Fig. 3),

2 x (Br+ O3 — BrO+ 0Oy) (R1)
1.3 Key reactions and cycles BrO + BrO — 2Br+ Oy (R3)

In t.his section', we disguss key chemigal reactiqns and - het: 2@ — 30,

action cycles involved in ozone depletion chemistry. This

discussion is not meant to be a complete discussion of alReturning to the general discussion, XO may also react with

halogen chemistry; the interested reader is referred to recent different halogen oxide, YO.

reviews on this topic (Wayne et al., 1995; Platt and Janssen,

1995; Platt and Moortgat, 1999; Platt anéminger, 2003; XO+ YO0 — X +Y 4+ O

von Glasow and Crutzen, 2003, 2007). The overall catalytic — XY + 02

ozone destruction mechanism involves halogen atoms (de- — OXO+Y (R4)

noted by X, Y, where X, Y=CI, Br, or I) that cycle between

their atomic forms and their oxides, XO. Halogen atoms arelf XY is formed, it is rapidly photolysed to X+Y. The com-

formed from precursors such as,BBrCl, HOBr, etc., as  bination of (R1) with (R4) forms a catalytic cycle destroy-

discussed below. The typical fate of an atomic halogen radiing ozone based upon recycling of the halogens by the cross

cal is to react with ozone, forming a halogen oxide molecule.Reaction (R4). Cross reactions, e.g. CIO+BrO (LeBras and
Platt, 1995) and IO+BrO (Solomon et al., 1994), are about
one order of magnitude faster than the reaction BrO+BrO.

X+ 03— XO+ 0Oy (R1) The cross reaction between BrO and CIO is important in
stratospheric polar halogen chemistry but there is no clear

Typical conversion times (at 40 nmol/molsPvia Reac-  evidence for the presence of significant amounts of CIO in

tion (R1) for Cl are around 0.1s and of the order of 1s for the polar boundary layer (although CIO detection limits are

Brand | atoms. Halogen atoms are regenerated in a series @élatively high, see Sect. 2.2). Recently, very high concentra-

reactions including photolysis of XO, which is of importance tions of 10 have been observed at Halley in the Antarctic, so

for X=I, Br and to a minor extent Cl, that the reaction BrO+lO might play a key role under these
conditions (see Sect. 2.3). The channel leading to OXO gen-
XO+hv - X+0 (J2)  erally leads to short-lived products with little chemical im-

) ) ) o . . pact, possibly except for the case of iodine (see discussion at
For this reaction, typical springtime Arctic daytime values gnq of this section)
51 —2 o1 1 ' . _ .
of Eq. (J2) arev3x107>s™%, ~4x107“s™, and 0.2 5~ for Another ozone destruction scheme involves reactions of

X=Cl, Br, I, respectively. Often the photolysis of halogen halogen oxides with H@and follows the sequence:
oxides is the fastest decay of those species, thus the parti-

tioning of X/XO is controlled by a balance of Reactions (R1) X+ 03— XO+0; (R1)
and (J2). Because of this rapid cycling, the sum of Br+BrO XO + HO» — HOX + O, (R5)
is called the BrQ family. For bromine, during the day and HOX + v — X + OH (R6)
at high ozone, BrO is the prevalent Br@pecies; however at
low ozone &1 nmol/mol), calculations suggest that Br can OH+ CO+ Oz — COz + HO (R7)
become more abundant than BrO.
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net: CO+ O3 — CO; + Oz

hv

In this scheme, a key reaction is XO+kHQvhich is very fast
(several times 10 cm® molec 1 s~1, Knight and Crowley,
2001). An analogous reaction of XO+@G8; is also likely .
to ultimately produce HOX (Aranda et al., 1997). The above (8, )
sequence oxidizes CO to GObut other reactions similar :
to R7 involving hydrocarbons may be substituted for Reac-

tion (R7). " .

All three of these types of reaction cycles, self reaction
(XO+X0), cross reaction (XO+YO), and XO+HCatalyt- T v =
ically destroy ozone at times when halogen atoms and halo- e ol 2L Cee )
gen oxides are present in the atmosphere. However, these cy-
cles do not increase the reactive stock of halogen atoms anglig. 4. A simplified set of bromine explosion reactions. The blue
halogen oxides (X and XO). A special sequence of chemicakrea at the bottom is meant to represent the condensed phase (liquid
reactions, often known as the “bromine explosion” reactionbrine or ice surface).
sequence, can theoretically produce reactive halogen gases.

This sequence is thought be the source of the majority of

reactive halogens during ozone depletion events (Fan and Ja-

cob, 1992;: McConnell et al., 1992; Platt and Lehrer, 1996;Platt and Lehrer, 1996; Wennberg, 1999). Recent laboratory
Tang and McConnell, 1996; Wennberg, 1999). The bromineinvestigations have shown that the above heterogeneous re-

aldehydes,
alkenes

explosion reaction sequence is action is efficient and thus this sequence can produce BrO
. D in the troposphere (e.g. Kirchner et al., 1997; Abbatt, 1994;
HOBr+Br~ + Ht* — H»O+ Br» (R8)  Abbatt and Nowak, 1997; Fickert et al., 1999; Huff and Ab-
Bro+hv — 2Br (R9)  batt, 2000, 2002; Adams et al., 2002).
Br+03 — Bro+0; (R1) The actual mechanism of R8 has been the subject of a
BrO+HO, — HOBr+ O, (R5) number of laboratory studies (Fickert et al., 1999; Huff and

Abbatt, 2000, 2002; Adams et al., 2002). These studies con-
™ sidered the source of the halides {Cind Br~) to be sea
net: H + Br~ +HO2 + O3 = Br+ H20+ 20, salt. In sea salt the CIBr~ ratio is about 650, but in experi-

In this sequence, graphically depicted in Fig. 4, reactivemefnts the Ct/Br~ ratios were varied to elucidate the mech-

bromine is produced by Hoxidizing bromide (Br), most ~ ansm- When the concentration of Br is decreased below

often from sea salt and present in solution or on ice Sur_the sea salt ratio, an increasing fraction of BrCl is produced,

faces. The multiphase reaction involvement is shown in Re—While at high relative Br/Cl ratios, Bris the preferred prod-

; i hlintine e | t (Adams et al., 2002). The following sequence was first
action (R8) by the shorthand “mp”, highlighting its impor- uc :
tance. If we consider the reactions to be occurring in lig- suggestgd by Vogt et al. (1996) and Igter Iabprato.ry Expert-
uid brine solution, then Reaction (R8) would consist of three MeNts (Fickert et al., 1999) were consistent with this mecha-

sub-steps, HOBr gas uptake, reaction in brine solution, and''SM-:
degassing of dissolved Brgas. The sequence is autocat-

- + mp
alytic, meaning that the product is a reactive halogen species HOBr + CI™ + H™ = H20 + BrCl (R10)
that then acts as a catalyst, further speeding up the reaction. BrCl + Br— b Br,Cl~ (R11)
Itis important to remember that this reaction consumeg,HO _ aq B
bromide (Br-) and protons (acidity), all of which are critical BroCI™ = Brz + Cl (R12)
to subsequent discussions in this paper. -

Another equivalent method to consider the bromine explo-net: HOBr+ Br~ +H* — H,0 + Br» (R8)

sion chemistry is to not view the net reaction above, but in-

stead consider an inventory of inactive (e.g-Band reac- Field evidence supporting this scheme comes from the ob-
tive bromine species. Reaction (R8) consumes one reactiveervation that both BrCl and Bare produced from the snow
bromine species (HOBr) but producesBthe precursor of  pack (Foster et al., 2001). Additionally, the BCI~ ratio in

two reactive bromine species (two Br atoms). Therefore, ef-snow has been found to be very variable possibly due to these
fectively, one BrQ molecule is converted into two by ox- reactions removing bromide from snow and gas-phase HBr
idizing bromide at the surface e.g. of brine or dry sea saltadding Br back (Simpson et al., 2005). When all bromide
on sea ice or aerosol. This process leads to an exponentig@ used up and the forward Reaction (R11) cannot proceed,
growth of the BrO concentration in the atmosphere, whichBrCl can escape from the surface. It is then photolysed to
led to the term bromine explosion (Platt and Janssen, 1995yroduce reactive chlorine atoms, which then typically react
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/ For CIC this translates to daytime lifetimes between about
COSENED S ) two hours (at low levels of BrO) to several minutes (at
. - o N 30 pmol/mol of BrO), since Cl atoms react with the ubig-

e \ - uitous methane, as mentioned above. On the other hand,

Br atoms only react with aldehydes, olefins, or H@adi-
cals, thus re-conversion to BrO (via Reaction R1 and causing
O3 depletion) is most likely at normal ozone levels, conse-
quently BrQ lifetimes are quite long despite rapid photolysis
of BrO. In fact BrQ lifetimes typically reach several hours,
with relatively little influence from XO levels. On the other
hand, in polar regions the time to destroy ozone is of the or-
der of one day, thus Brineeds to be recycled from bromide
— on surfaces about 10 times during a typical ozone depletion
\\ ‘ event (Platt and Lehrer, 1996; Platt anértinger, 2003;

HB

gas phase agueous phase Lehrer et al., 2004). Based upon the autocatalytic mecha-

nism’s ability to convert nonreactive salt bromide into reac-
. . . __tive bromine, it is currently assumed that most of the reactive
Fig. 5. Schematic diagram of the major halogen-related reactlonsmomine comes from sea salt that is activated by this mech-

in the gas and aqueous phase. Refer to Atkinson et al. (2006) or

Sander et al. (2003b) for reaction rate coefficients. The aqueousan'sm' Early ideas that the majority of the reactive bromine

phase reaction XY+Z=XYZ~ leads to very efficient halogen in- Might come from organobromine gases (e.g. CilBarrie

terconversion reactions often leading to the release pf Bptake €t al., 1988) or coupling with reactive nitrogen gases (e.g.
of HOBr and reaction with BF leads to the release of Brthe so-  N20s, Finlayson-Pitts et al., 1990) have now been discounted

called bromine explosion. Reprinted from Treatise on Geochem-because they are not a sufficiently strong bromine source to
istry, Vol. 4, von Glasow and Crutzen (2003), “Tropospheric halo- explain the rate of ozone destruction or observed BrO levels.
gen chemistry”, 21-64, Copyright (2003), with permission from El- However, the bromine explosion chemistry requires a source
sevier. of “seed” reactive halogens that initiate the explosion. There
may be a role for these or other relatively weak sources of re-
active halogen species in providing the “seed” for the explo-

with hydrocarbons, reducing their impact on troposphericSion. Other possible initiators of bromine chemistry are inter-

ozone destruction, hglogelj reactions, discussed in recent halogen chemistry re-
view articles (e.g. von Glasow and Crutzen, 2003, 2007). The
Cl+ RH— HCI+R. (R13)  complexity of these reactions and interactions is illustrated in

Fig. 5, which highlights interhalogen couplings. More recent

The relevance of reactive chlorine is discussed further 'ninvestigations have shown that iodine must also be included

Sect. 2.2. The high abundance of hydrocarbons in the tr0i the scheme (see Sects. 2.3 and 2.4).

pospherﬁ (e'éll' methane) andk;t?:? Qigg reagtivityRoi‘ Cl gt(r)]ms Recent laboratory studies of gas-phase halogen chemistry

Er_)noe;ms tbatb'l' atomcs:lare to oy eaction (R13) wit Ahave focused on iodine oxide chemistry, in order to quantify
T(r)1 probability Fﬁ; ) atom rza}ctlon. £ vari . the efficiency of @ destruction (Vogt et al., 1999) and to un-

. e concept of enme; an ates o various xXspecies derstand the formation of new particles (O’'Dowd and Hoff-

is very useful when considering the relative importance Ofmann 2005). The 10 self-reaction produces OF%Q%)

the yarious ha!ogen atom§ in ozone depletion chemistry. Th%nd Ié)IO (-55%) at atmospheric pressure. The 1010 prod-

I|fet|me of XO |s_short d_urln_g suniit perlods_,_due to photo_ly- uct is unstable and most likely rapidly thermally decomposes

sis (J2). For typical springtime noon conditions, the 1O life- to yield OIO, so that the overall yield of OIO from the 10

time is a few seconds, the BrO lifetime is around 2 minutes, ot oo tion is high. The photolysis of OIO to3®)+I0

and the CIQ lifetime is roughly an hour. When high levels of is very unlikely to occur, it has an upper limit for the quan-

halogen oxides are present (€.g. '30.pmoI/moI of BrO found'(um yield of 7x10~2 (Ingham et al., 2000). OIO has a series

in the polar boundary layer), the lifetime of XO can drop to of strong absorption bands between 480 and 620 nm, where

minutes and self or cross reactions can be the most eﬁiderﬁhotolysis to yield 1+Q is possible and would make bIO

in converting XO to X. Once halogen atoms are released the¥ormation through the 10 self reaction a majos-Gepleting

are, hqwever, quite likely tp_ reform XO by reaction witl O cycle (Ashworth et al., 2002). Although two recent studies

(Reaction R1), the probability ranges fron®9% for | toup report upper limits to the | atom quantum yield e0.05

t0 99% for Br to~50% for. Cl. .Th'|s gas-pha;e recycling of (560-580 nm) an&0.24 (532 nm) (Joseph et al., 2005; Tuc-

X 10 XO leads to an effective lifetime of XQgiven by ceri et al., 2006), a small probability of photolysis at wave-
rate of X + Oz lengths>470 nm, integrated over the entire OIO absorption

TXOx = TXO rate of X + not(Oz)’ ) band would still lead to significant photochemical conversion
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Table 2. Satellite measurements of BrO.

Instrument Hemisphere Time period (MM.YYYY) Reference
GOME SH Sep 1996 Wagner and Platt (1998a)
GOME NH Feb 1997-July 1997 Richter et al. (1998c)
GOME NH April 1997, May 1997 Chance (1998)
GOME NH April 1997 Burrows et al. (1999)
GOME NH + SH Jan 1997-Dec 1997 Wagner et al. (2001)
GOME NH + SH July 1999—June 2000 Richter et al. (2002)
GOME NH March 2000-April 2000 Zeng et al. (2003)
GOME NH + SH Feb 1996-0Oct 2001 Hollwedel et al. (2004)
GOME SH Aug 1999, Sep 1999, Aug 2000, Sep 2000  FrieR et al. (2004)
GOME NH + SH Aug 1997, March 2001 Kaleschke et al. (2004)
SCIAMACHY NH March 2003 Jacobi et al. (2006)
GOME NH Feb 2000-May 2000 Zeng et al. (2006)
of OIO to | and consequent{Joss. distribution of XO, and cloud effects in the troposphere, in-
troducing substantial uncertainties.
1.4 Observational, modeling, and laboratory methods In-situ measurements of BrO and potentially also CIO are
possible using the atomic fluorescence method (e.g. Aval-
1.4.1 Observations lone et al., 2003) and can determine the vertical profile of

BrO in the lowest several meters. The atomic fluorescence
Most direct observations of halogen compounds in the polatechnique, originally developed for stratospheric measure-
troposphere rely on optical absorption measurements. Haloments, is less accurate when measuring tropspheric BrO due
gen oxides have narrow band absorption structures at UV antb increased quenching of the resonance signals at higher
visible wavelengths, and BrO, 10, and tentatively also ClO pressures and large pumps needed to decrease the pressure-
have been observed by active Differential Optical Absorp-induced quenching. With another in-situ method, atmo-
tion Spectroscopy (long-path DOAS) measurements using a&pheric pressure chemical ionization mass spectrometry, Br
strong light source and an open path (e.g. Hausmann anBrCl, and Ch can be observed (Foster et al., 2001; Spicer
Platt, 1994; Martinez et al., 1999; Saiz-Lopez et al., 2007b).et al., 2002). Indirect evidence for the presence of enhanced
The technique can also be used for OlO, OCIO, gndbiit levels of chlorine atoms can be obtained from measurements
no results have been reported so far for polar regions. Thef hydrocarbons, chosen to have rate constants that are sim-
same species can be detected using atmospherically scatterigar for reaction with Cl but different for OH or vice versa
light with passive DOAS instruments, and polar measure-(this method is known as the hydrocarbon clock method; see
ments have been reported for BrO and 10 (e.g. Kreher et al.Jobson et al., 1994). The analysis of halogenated VOCs,
1997; Wittrock et al., 2000; FrieR3 et al., 20019ikhinger and ~ formed by the reaction of ethene and propene with Cl and
Platt, 2002; Hnninger et al., 2004b). Later observations useBr atoms, provides a valuable method to determine [Br]/[Cl]
the multiple axis DOAS (lnninger et al., 2004c) technique, ratios (Keil and Shepson, 2006). The sum of photolysable
which has the advantage of being able to separate clearlipromine compounds can also be measured by conversion
the tropospheric and stratospheric portions of the atmoto bromoacetone and subsequent GC analysis (Impey et al.,
spheric column, and even derive a crude vertical profile. An1999). See Sect. 2.2 for more details on these techniques.
overview of these ground-based measurements can be found
in the electronic supplement (http://www.atmos-chem-phys.1.4.2 Models
net/7/4375/2007/acp-7-4375-2007-supplement.pdf).

Global maps of the total BrO column density (the sum of Numerical models have been developed to examine and
troposheric and stratospheric columns) can be retrieved witlyuantify the processes involved in bromine explosions and
the DOAS techniqgue from satellite measurements by instru-ODEs as well as the consequences for the chemistry of the at-
ments such as GOME, SCIAMACHY or OMI (e.g. Wagner mosphere. They have significantly improved our understand-
and Platt, 1998a; Richter et al., 1998c) (Table 2). First obsering of the reaction cycles and the interdependencies of dif-
vations of 10 from SCIAMACHY around coastal Antarctica ferent elemental cycles. Models have, for example, helped to
have recently been reported by Saiz-Lopez et al. (2007a) antkalize that fast multiphase reactions are necessary to main-
Schnhardt et al. (2007). Satellite data provide good cover-tain the bromine explosion (e.g. Fan and Jacob, 1992). Most
age but have to be corrected for stratospheric XO, the verticabf these studies use box models focusing on the chemical
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reaction mechanism. Some include parameterizations oére, flow reactors, flash or pulse photolysis, or smog cham-
varying complexity for heterogeneous reactions (McConnellbers with a multitude of techniques to measure the products,
et al., 1992; Tang and McConnell, 1996), some explicitly in- like UV/VIS/IR spectroscopy, mass spectroscopy, cavity ring
clude heterogeneous reactions (Fan and Jacob, 1992; Sandown spectroscopy (see e.g. Finlayson-Pitts and Pitts, 2000,
et al., 1997; Michalowski et al., 2000; Evans et al., 2003).for an overview).

Similarly, the treatment of photochemical processes in the o gpecial challenge is posed by reactions on surfaces like
snow pack has explicitly only been done by Michalowski snow and ice or liquid or solid aerosol particles, all of which
et al. (2000). Thesg processes are discussed in detail i lay a major role in ODEs. One example of the involved
the snow photochemistry companion paper (Grannas et algomplications is that at typical polar temperatures, hundreds
2007). One-dimensional model studies have investigated thg, housands of monolayers of ice desorb per second. This
vertical structure qf ODEs (Lehrer et al., 2004; P|(_)t a”d_VO”desorption is balanced by adsorption of water vapor onto
Glasow, 2007; Saiz-Lopez et al., 2007c) Three-dimensionalne gyrface, resulting in a very dynamic equilibrium at the
models have so far only used very simple approaches regardsrface. The ice surfaces in the environment are very com-
ing the chemical processes, like estimating ozone destructioB|ex and include natural snow, slush, solid ice and quasi-
based on satellite-derived vertical BrO columns (Zeng et a'-’liquid layers (QLL) on their surfaces. Artificial snow, with
2003). _ . . its amorphous and crystalline characteristics, may not be al-
One benefit of models is that the whole life cycle of ODES \yays representative of the true solid/slush/QLL conditions
and the shift in elemental speciation and oxidants can bgoynd in the environment. However, several successful at-
investigated. Field measurements often only give brief Ob'tempts have been made to investigate frost flowdtar{
servations of the chemical composition with a poorly deter-yi, et al., 1995, 1996; Nghiem et al., 1997; Hutterli et al.,
mined history of the air mass. A great deal can be Iearned2006), snow (Jacobi and Hilker, 2007) and sea-ice (Richard-

from these model studies which highlight the often puzzling 5o 1976: Adams et al., 2002: Papadimitriou et al., 2003) in
chemical interactions under the highly non-linear chemicalye |aporatory.

conditions of ODEs. Shifts in bromine speciation play a : N
key role in speeding up or slowing down the development of Otr?er. Iabora]Eory expr)]enmehntls focus <|)n thefklnetlcs fand
ODEs (e.g. Sander et al., 1997; Piot and von Glasow, 2007)?;C anisms ot gas-p asE alogen re ea.se rolm sur aC(.es.
An innovative way of comparing model results with mea- | €Y ¢an be divided into three main types: (1) Flow tubes;

surements was used by Evans et al. (2003) who useasO _thes_e eixz_enmentst_prowdg mformatl(;n on gtai'SO“g pgrtl?on-
“chemical coordinate” to be able to compare their results to'Ng INcilding reactive and non-reactive uptaxe. (2) Surface

the rather randomly measured various stages of ODEs enQrobes; these techniques provide characterization of surface
countered during the TOPSE campaign and bulk species can be made using a wide range of spec-

One common problem of all models is that many pro- troscopic techniques. (3) Bulk analyses; these techniques

: . ._examine the net reactivity of ice and gases in contact with
cesses, especially the source of the bromine for the bromm?hem and can be monitored by a variety of approaches in-
explosions and the triggering of these events, are still not un'cc,uding mass spectrometry. The frozen solids are often an-

_derstood and therefore have to b_e prescrlbed/parame_terlze \zed by methods including X-ray diffraction (XRD) and
in the models. The proper description of processes in an o
aman spectroscopy. Much of the bulk analysis is per-

on the snow seems to be key to further progress in this fleldformed on thawed material, which is problematic for inter-

However, incorporation of snow pack processes in models ) : . :
. . . . pretation because the effective surface concentrations of ions
is very challenging due to the lack of a quantitative physi-

cal and chemical understanding of these processes. Progrei'i“,"s]d molecules at ice surfaces may be very different from the

in these fields will strongly increase our ability to simulate melted analysis. For example, the pH of the melt might be

ODEs and lead to a better understanding of polar chemistr)?u'te d|ﬁerent from the effe(;t|ve pH of mqlecules on the sur-
in general. ace of ice. Two recent reviews are particularly useful for a

more in-depth discussion of this subject (Huthwelker et al.,
2006; Abbatt, 2003).

When ice freezes, ions separate fromice, leading to freeze-
Laboratory measurements have contributed significantly taconcentrated solutions that have different reactivity from the
improve our understanding of the chemical processes behindnfrozen solution (see Sect. 3.1). Freeze-concentration ef-
the bromine explosion and snow and ice chemistry. One ofiects have been used to explain the effect of cooling on a
the main advantages of laboratory experiments is that goodtariety of acidified and neutral, nitrite ion and bromide- or
control of conditions is possible, which leads to ready andchloride-containing mixtures. In laboratory studies, several
systematic variation of suspected key features. trihalide ions were formed, includingCI~, 12Br~, ICI;

The techniques that are typically used for the investiga-and 1B, (O'Driscoll et al., 2006). A mechanism to explain

tion of rate coefficients, products/mechanisms, photolysisthe observations was given in terms of reaction steps involv-
cross sections and guantum vyields of gas phase reactioriag INO and the nitroacidium ion, #DNO™, within liquid

1.4.3 Laboratory methods
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“micropockets”. These and similar reactions in liquid inclu-

sions of ice are likely to be critical to understanding air-ice [pof)] [ O3 o fthr " Bro | g’:t)] r'f;

chemistry that relates to halogen activation and ozone deple- ¥ 0 ‘m3)

tion events. 40 /W* J‘rm'r/\}\ 1‘;“ 6;’ 40
20 4 WN ° ° 30

2 Halogens and their roles in ODEs 20 4 l ° R ° . 20

| 000 ° 15

2.1 Bromine 1 1 - J ' . " 12 10
0od— X Y Ty LI B Y

As already discussed in Sect. 1, bromine is the key 31 0s. 10. 15. 20. April

halogen species for polar ODEs. In this subsection,

we give more details on these measurements and othea¥ig. 6. Comparison of in situ ozone, filterable bromine (f-Br), and
bromine compounds, including biogenic bromine, dis- BrO at Alert. Reprinted from Hausmann and Platt (1994) with per-
cuss satellite observations of BrO, and mention similar-mission from the American Geophysical Union (AGU).

ities to other regions. The electronic supplement to

this paper (http://www.atmos-chem-phys.net/7/4375/2007/

acp-7-4375-2007-supplement.pdf) contains an extensive lis ) s
of Eneasurements. PP pdf) {2007) gives indications for an elevated BrO layer at the top

of the boundary layer. Furthermore they showed that ship-
2.1.1 Ground based measurements of bromine compounddased measurements of BrO show high boundary layer BrO
values up to one month before they were detected by satellite,

The key first measurements of inorganic bromine com-due to the higher sensitivity of MAX-DOAS to near-surface
pounds in the polar boundary layer were those of “fil- BrO compared to satellite observations.
terable bromine” published by Barrie et al. (1988) (see Most measurements of BrO are made during polar spring.
Fig. 2 and Sect. 1.2). Since then, a multitude of fur- However, data from Alert showed the presence of BrO at
ther gas phase and aerosol measurements have been madmaller mixing ratios in fall as well (G. &hninger, personal
The Arctic sites where the majority of these observationscommunication, 2003). The first seasonal variation of BrO
have been made are Barrow, Alert, Ix'liesund, and the was measured by Saiz-Lopez et al. (2007b) in the Antarc-
Hudson Bay. Halley and Neumayer stations have beeric at Halley during the CHABLIS campaign (January 2004—
the locations of key Antarctic studies. See the electronicFebruary 2005). BrO was detected whenever the solar zenith
supplement (http://www.atmos-chem-phys.net/7/4375/2007Angle was less thar92° i.e. also before direct sunlight
acp-7-4375-2007-supplement.pdf) for a complete listing ofreached the surface at mixing ratios up to 4 pmol/mol but not
the sites and maps of their location. during the polar night. BrO showed a distinct maximum of

With the direct detection of BrO by active DOAS at Alert, 20 pmol/mol in October/November (spring), followed by a
(see Sect. 1.4.1 and Fig. 6) (Hausmann and Platt, 1994)ecrease towards the summer and a possible secondary max-
the first evidence for the chemical mechanisms described inmum in fall. The smaller radical concentrations between
Sect. 1.3 was made. Since then active and passive DOAS8lovember and April could be a consequence of the less fre-
techniques (Tuckermann et al., 1997; Kreher et al., 1997guent appearance of frost flowers, a lower salinity of sea-ice
Martinez et al., 1999; Binninger and Platt, 2002; FrieR et al., surfaces, or faster mixing due to a less stable boundary layer
2004; Honninger et al., 2004b; Saiz-Lopez et al., 2007b) as(see Sect. 3.1).
well as radical amplifiers (Impey et al., 1999) and atomic flu- Impey et al. (1997b,a) developed a method for determi-
orescence techniques (Avallone et al., 2003) have been usathtion of the total photolysable chlorine and bromine (X
to identify BrO in both polar regions at Alert, Barrow, Ny- and HOX), calibrated and determined “as'Cind “as Bp".
Alesund, the Hudson Bay, Neumayer, and Arrival Heights. The mixing ratios represent £and Bp equivalents, e.g. in
Typical mixing ratios of BrO are a few to several tens of terms of the rate of photolytic production of chlorine and
pmol/mol. bromine atoms. For bromine they were able to give mixing

The MAX-DOAS measurements ofdtininger and Platt  ratios for HOBr and By separately. This method was ap-
(2002) at Alert show that the vertical extent of BrO layers plied during the 1994 Polar Sunrise Experiment at Alert. To-
is about 1km (500—-2000m). Under under some circum-tal photolysable bromine (TPB) typically ranged fronab—
stances elevated layers might be presertinttinger et al., 30 pmol/mol, and remained at these levels under full sunlight
2004b). Friel et al. (2004) showed that enhanced BrO verticonditions. The highest values of HOB#240 pmol/mol)
cal columns were present at Neumayer, Antarctic, when partletected by Impey et al. (1999) occured at the end of an ODE
of the probed airmass was previously in contact with sea icevhen QG was already increasing. They also measureddBr
surfaces (see Fig. 7). The recent ship-based MAX-DOASup to 24 pmol/mol during an ODE.
measurements of BrO around the Antarctic by Wagner et al. There are strong indications for a snow pack source for

www.atmos-chem-phys.net/7/4375/2007/ Atmos. Chem. Phys., 7, 4375-4418, 2007


http://www.atmos-chem-phys.net/7/4375/2007/acp-7-4375-2007-supplement.pdf
http://www.atmos-chem-phys.net/7/4375/2007/acp-7-4375-2007-supplement.pdf
http://www.atmos-chem-phys.net/7/4375/2007/acp-7-4375-2007-supplement.pdf
http://www.atmos-chem-phys.net/7/4375/2007/acp-7-4375-2007-supplement.pdf

4386 W. R. Simpson et al.: Halogens and polar boundary-layer ozone depletion

i 15] BrQ@ observations .
@ & Ao i &
Qs : g M P
% 5 \' A SRR VEINL .é i v \’l
a000] Trajectory calculations b

S . 3000] \
£ £ 2000] s
< 1000}

-~ O - - / .
< $ 201 Tropospheric light path enhancement Duratiorcf tea ‘Cmmaﬂg
§§ 1 vl e 8 3 :8 8
88 i, SRR RIS
OSgudm—_Ub#L'JU u\u'\....‘
T I
o ggimw—ﬁ,www’w i MF o 7
28 2 \j f\w
o 12 0zone monitor

0
30/8 31/8 1/9 2/9 3/ 4/9 5/9 6/9 7/9 89 9/9 10/9 11/9 12/9 13/9 14/9
Date 1999

Fig. 7. Observations of enhanced BrO from 30 August to 15 September 1999, Neumayer, Antarctica. The stacked plots show the BrO
differential slant column density (dSCD), duration of sea ice contact (shown in colors on the altitude — time plot), light path enhancement
factor (a measurement of the light scattering in the atmosphere), and surface ozone mixing ratio. Reprinted from Friel3 et al. (2004) with
permission from the American Geophysical Union (AGU).

Br 2, BrCl and Irradiance

0:00 4:48 9:36 14:24 19012 0:00 4:48 9:36 14:24 19:12 0:00

Time, GMT

T Br2,ppt — BrCl, ppt Irradiance, Wim2 O3, ppb

Fig. 8. Time series of @, Brp, BrCl, and global irradiance at Alert for 10-11 March 2000 (note that the global irradiance results have not
been adjusted for a negative offset). Reprinted from Spicer et al. (2002), copyright 2002, with permission from Elsevier.

bromine compounds (especially Band BrCl). This evi- the snow pack (see Fig. 8 and Foster et al., 2001; Spicer
dence includes Br— wind sector comparisons from Alert et al., 2002). Both Br and BrCl were measured before
(Impey et al., 1997b), strong vertical gradients in BrO in direct sunlight reached the site, possibly indicating a role
the lowest meters observed at Iﬁjesund and Alert (Aval-  of Og reactions in the dark activation of bromine. Organic
lone et al., 2003), and especially direct measurements:of Brbromine compounds and their relevance will be discussed in
and BrCl by mass spectrometry in the vicinity and within Sect. 3.3.2.
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2.1.2 BrO and IO satellite observations: spatial and tempo- SCIAMACHY BrO SEP 2005 SCIAMACHY BrO APR 2006 o
ral scale 7 ; imolec am]

B

\ v
With the launch of the Global Ozone Monitoring Experiment
(GOME) in April 1995 (Burrows et al., 1999), it became pos-
sible, for the first time, to detect globally the spectroscopic
signatures of many tropospheric trace gases in the spectri
of backscattered sunlight. These observations include BrO ¢
(Chance, 1998; Eisinger et al., 1997; Hegels et al., 1998a,b;
Perner et al., 1998; Richter et al., 1998b,c; Wagner et al.,
1998a; Wagner gnd Platt, 1998a) as well as 10 (SaIZ_LOpe{:ig. 9. Vertical columns for BrO for both hemispheres in spring.
etal., 2007§1, _ Scﬂnhar_dt et al.! 200 and o?her trace_ 9gases. pata from SCIAMACHY, courtesy of A. Richter.
Such UV/Visible nadir satellite observations (which have
since also been performed by the SCanning Imaging Ab-
sorption SpectroMeter for Atmospheric CHartographY in-
strument, SCIAMACHY, the Ozone Monitoring Instrument, 1999; Theys et al., 2004). It was in particular speculated
OMI, and the second Global Ozone Monitoring Experiment, that the free tropospheric BrO might be at least partly caused
GOME-2 allow the assessment of the spatial dimension andby transport of BrO enriched air masses from polar regions
temporal variation of “trace gas clouds” (see also Table 2 for(Hollwedel, 2005, see Sect. 4.4). Short-lived halocarbon
an overview of satellite measurements of BrO). gases may also be sources of free-tropsopheric BrO (Salaw-
After the first detection of plumes of enhanced BrO in itch, 2006). In many aspects, the enhanced BrO concentra-
GOME data (Wagner and Platt, 1998a; Wagner et al., 1998btions in the boundary layer during polar spring are an ideal
Wagner and Platt, 1998b) it rapidly became clear that they ar¢arget for the observation with space-borne sensors. First, the
a frequent phenomena in both hemispheres in polar sprindhigh albedo of ice and snow in polar regions causes a high
covering large areas mainly over sea ice and along the coastensitivity for trace gases located very close to the surface
(Chance, 1998; Richter et al., 1998c,a). It could be shown(even in the presence of some clouds). Second, the typical
that the enhanced BrO concentrations detected by satellitepatial extension (several hundreds of kilometers) and life-
were well correlated with depleteds@oncentrations mea- time (about one day) of boundary layer BrO fit very well to
sured from ground based instruments (Wagner and Platthe temporal and spatial resolution and coverage of GOME.
1998a; Wagner et al., 2001) and also related with the depleHowever, some uncertainties remain with respect to the sep-
tion of gaseous mercury (Lu et al., 2001; Ebinghaus et al.aration of stratospheric and tropospheric columns, cloud ef-
2002; Sommar et al., 2007). As the satellite record grew, itfects, and the amount of BrO over low reflectivity surfaces
also became clear that the phenomenon of enhanced bounduch as the oceans. The improved spatial and temporal cov-
ary layer BrO concentrations occurs very regularly for sev-erage and resolution of the latest and future satellite instru-
eral months in both hemispheres (Van Roozendael et al.ments will provide the opportunity to monitor tropospheric
1999, 2002; Wagner et al., 2001; Richter et al., 2002), in-BrO chemistry in greater detail.
dicating that it probably is a natural phenomenon. From the Very recently IO was identified from SCIMACHY along
investigation of the spatio-temporal variation a strong cor-the coastline of Antarctica (Saiz-Lopez et al., 2007a;
relation with the occurrence of first-year sea ice was foundSchinhardt et al., 2007). There are indications that 10 is be-
(Wagner, 1999; Wagner et al., 2001, see also Fig. 9), indow the detection limit in the Arctic and that there is a clear
dicating that the source is related to the enrichment of seaeasonal variation in the Antarctic with maxima in Septem-
salt on the surface of freezing sea ice. From a detailecber and October and a second maximum in austral autumn
comparison study (Kaleschke et al., 2004) it was found in(Sctdnhardt et al., 205}.
particular that enhanced BrO concentrations were observed
under conditions where the existence of frost flowers was2.1.3 The link to other places
possible (see Sect. 3.1). Several satellite studies address is-
sues like a potential trend of the areas covered by enhance@eactive bromine chemistry has been found to be of impor-
BrO concentrations (Hollwedel et al., 2004) or the existencetance in many other regions, namely the coastal and open
of a g|0ba| free tropospheric BrO mixing ratio of the or- oceans, salt lakes, volcanic plumes, polluted cities (under

der of 1 pmol/mol (Van Roozendael et al., 1999; Wagner,certain circumstances), and the free troposphere. For an
overview see, e.gvon Glasow and Crutzen (2007). Of par-

25ctbnhardt, A., Richter, A., Wittrock, F., Kirk, H., Oetjen, H., ticular interest in this regard are salt lakes (e.g. Hebestreit
Roscoe, H. K., and Burrows, J. P.: Observations of iodine monox-€t al., 1999; Stutz et al., 2002;ddninger et al., 2004a) as
ide (10) columns from satellite, Atmos. Chem. Phys. Discuss.,the release mechanisms are likely related to the ones in po-
submitted, 2007. lar regions due to the presence of large salt deposits on the
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surface for both salt lakes and regions with new sea ice irand Bottenheim (2000) used the absolute decay rate for alka-
high latitudes. This observation shows that low temperaturesies during a rapid ozone depletion event at Alert, Nunavut
are not a prerequisite for the chemical cycles to be efficient into derive a value [CI]=7.510* molecules/crd. The chlorine
bromine release even though many of the involved reactiongtom is responsible for all the consumption of a variety of
are temperature dependent so that one can expect importalOCs, such as the alkanes studied by Jobson et al. (1994),
differences. This point, however, does not exclude the possiand alkyl nitrates (Muthuramu et al., 1994) over the Arctic
bility that other — possibly physical — processes in polar re-Ocean during these events, see more details in Sect. 4.2.
gions might be dependent on cold temperatures. Specifically, As part of ARCTOC, Perner et al. (1999) conducted mea-
the freezing of sea water, which causes brine to be pushed tsurements of ClQat Ny—,&lesund, and measured a maximum
the surface of the newly forming sea ice, is caused by coldCIlO] of 2 pmol/mol, leading again to the conclusion that
temperatures and is likely involved in providing a saline sur-ozone destruction is dominated by Br atoms. Tuckermann
face on which halogen activation can occur (see Sect. 3.kt al. (1997) found average mixing ratios of CIO of about
and its subsections). In Sect. 4.4 we discuss the possibilit21 pmol/mol during ODEs in 1995 at Nétesund which im-
of transport of boundary layer air to the free troposphere ancplies Cl atom concentrations much higher than those calcu-
consequences for the chemistry in the free troposphere.  lated with the hydrocarbon clock methods. However, Tuck-
ermann et al. (1997) report an average of only 3.3 pmol/mol
2.2 Chlorine CIO during ODEs for 1996. The high mixing ratios observed
in 1995 stand out as very unusual and seem to be inconsis-
Chlorine was the second halogen (in inorganic form) thattent also with what was observed at other locations. These
was detected in polar regions. As chlorine is present inobservations highlight the need for independent methods for
small concentrations only, its direct role in ozone destruc-measurement of [CI].
tion is probably very minor. For a typical [Br] to [C]] ra-  The measurements by Impey et al. (1997b) of total pho-
tio of 800 (see Sect. 2.4), chlorine atoms would account fortolysable chlorine (TPC) at Alert during the 1995 Polar Sun-
only 2% of ozone depletion. Chlorine does play an impor- rise Experiment showed mixing ratios typically ranging from
tant role, however, in the oxidation of volatile organic com- ~5-15 pmol/mol, with the highest concentrations found in
pounds (VOCs, see also Sect. 4.2) and possibly in the acthe dark. After polar sunrise, TPC decreased to below the
tivation of bromine via BrCl (see Sects. 1.3 and 2.4). Fur-detection limit. This work showed that there is a dark pro-
thermore, the concentration of KQs increased by oxi-  duction mechanism for chlorine atom precursors.
dation of VOCs by chlorine, as detailed in Sect. 4.2. A As already mentioned above, Foster et al. (2001) and
multitude of measurements is compiled in the electronicSpicer et al. (2002) conducted the first direct measurements
supplement (http://www.atmos-chem-phys.net/7/4375/2007bf Br, and BrCl, at Alert (see Fig. 8). Interestingly, while
acp-7-4375-2007-supplement.pdf). With the exception ofBrCl is present in quantities comparable teBas discussed
one measurement of HCI all data for inorganic chlorine sopy Spicer et al. (2002), Glwas not detected.
far are from the Arctic. A recent study by Tackett et al. (2007) addresses the ques-
Jobson et al. (1994) were the first to develop an indi-tion of the vertical scale impact of surface-derived halogen-
rect technique to measure chlorine atoms in the polar troatom precursors. They conducted measurements of VOCs,
posphere. Their technique involved a kinetic analysis ofHg(0), and Q in the lowest 300 m above the surface snow
the relative rates of hydrocarbon destruction. They showecpack at Barrow, Alaska. From these measurements they con-
that the time integrated chlorine concentration in the ob-cluded that both Br-atom and Cl-atom chemistry was most
served air mass at Alert was3-7x10° moleculess/cth  active in the lowest-100—200 m above the surface. As an ex-
which corresponds, based on estimated reaction times aimple, shown in Fig. 10 are plots of [methyl ethyl ketone]/[n-
1-20 days, to chlorine atom concentrations ranging frombutane] as a function of altitude. As discussed in the paper,
~3x10°-6x 10* molecules/cri. MEK/butane is a sensitive function of Cl-atom chemistry.
Muthuramu et al. (1994) studied the decay of a series of Itis clear that chlorine atom chemistry is active and impor-
alkyl nitrates at Alert and found that the relative alkyl ni- tant in polar marine boundary layers, and over snow packs
trate decays were also consistent with the known chlorindnland. This chlorine atom chemistry can play a dominant
atom rate constants. Kinetic analysis of the data led to aole in the processing of VOCs, and also in radical chemistry
value of 6.5¢<10° molecules s/cry i.e. the same result as ob- that in turn influences bromine atom chemistry. However,
tained for light alkanes by Jobson et al. (1994). Muthuramuthe nature of the chlorine atom precursors is not necessar-
et al. (1994) discuss that Cl atom oxidation of alkyl nitrates ily well understood and more measurement data for chlorine
may be an important mechanism for recycling Nid the  atom precursors and chlorine atoms themselves is needed to
Arctic lower atmosphere. Several other investigators (Sol-test and develop our understanding.
berg et al., 1996; Ariya et al., 1998; Ramacher et al., 1999;
Rudolph et al., 1999) have used the VOC relative oxidation
rate method, producing comparable values for [Cl]. Boudries
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Most modeling studies that include iodine chemistry have e
been performed for the marine boundary layer (e.g. Vogt
etal., 1999; McFiggans et al., 2000). They show that IO mix-  **
ing ratios on the order of 1 pmol/mol already have a strong
impact on ozone concentration, with destruction rates of up
to 1 nmol/mol per day and that under these conditiong, O
destruction by iodine radicals is faster than by thg-B0,
reaction {ogt et al., 1999). They also showed that a strong
chemical coupling between reactive Cl and Br compounds
with iodine compounds exists and this coupling accelerates s
the autocatalytic release of these compounds from sea sal Vertical scale of .
aerosol as discussed in the study of Vogt et al. (1999). In o i < o
the box model study of Sander et al. (1997) the presence ol MEK/butane MEK/butane
about 1 pmol/mol of IO leads to an increase in the d®-
struction rate of about 20% mainly via the reaction BrO + Fig. 10. Observations of organic gas vertical profiles from tethered
10. Model studies by Calvert and Lindberg (2004a) focusedballoon observations at Barrow, Alaska. The left panel shows a ver-
on the role of iodine in the chemistry during polar tropo- tical profile of the _ratio of methyl ethyl ketone (MEK) divided_by
spheric 0zone depletion events. They have shown that addPutane from 3 April 2005. The right panel shows the same ratio for
tional halogen atom formation from reactions of 0 with Bro S/ \P"il: 2005 along with potential temperature){ Reprinted from
N . Tackett et al. (2007) with permission from the American Geophysi-
and CIO cause significant enhancements in polar ozone d&s,; nion (AGU).
pletion when only small amounts of iodine-containing com-
pounds, such as Gitp, IBr or ICl, are present in an air mass.
Furthermore, their model studies suggest that the coupling
between iodine and bromine radical chemistry leads to arduring summer were estimated under the assumption that
enhanced depletion of gaseous mercury during bromine extO is entirely located in the boundary layer. The 10 mea-
plosion events (Calvert and Lindberg, 2004b). The study ofsurements at Neumayer showed a pronounced seasonal cy-
Saiz-Lopez et al. (2007c) aims to reproduce measured 1Qle with a maximum during summer. This finding was ex-
and BrO concentrations in the coastal Antarctic. They showplained by a more efficient photodissociation of organic pre-
that the rate of @ depletion is increased about threefold by cursors, a shorter distance to the open sea owing to the re-
the presence of IO and BrO in roughly equal amounts com-reating sea ice as the likely source for organoiodine com-
pared to BrO alone. The main source for reactive iodine inpounds, and/or a higher biological activity during summer.
the marine boundary layer is the photodegradation of iod-Based on multi-axis DOAS measurements during May 2000
inated organic compounds (such as 4GHCHalo, CHoIBr in Alert, Canada, f@nninger (2002) estimated IO mixing ra-
and CHICI) produced by macroalgae and phytoplankton in tios of 0.73+/0.23 pmol/mol in the Arctic boundary layer,
the ocean. The atmospheric lifetime of these compounds isignificantly lower than the Antarctic values.
very short, ranging from 5 min for Chi to 5 days for CHl. The first positive detection of 10 in the polar boundary
For mid-latitude coastal regions has been shown to be the layer by active DOAS was made by Saiz-Lopez et al. (2007b)
main source for iodine atoms (Saiz-Lopez and Plane, 2004)in the Antarctic at Halley during the CHABLIS campaign
which has a lifetime of about 10s. See Sect. 3.3.2 for morgJanuary 2004—February 2005). Both its seasonal cycle and
details. its mixing ratios were very similar to those of BrO measured
First indications for the presence of reactive iodine in theat the same time (see Section 2.1.1). 10 was detected when-
polar boundary layer were found by Wittrock et al. (2000), ever the solar zenith angle was less thaf, @2. it was also
who detected tropospheric 10 in late spring and early sum-present before direct sunlight reached the ground at mixing
mer 1995-1998 with a zenith sky DOAS instrument in Ny- ratios up to 4 pmol/mol but not during the polar night. Its
Alesund. However, no 10 could be positively observed maximum with about 20 pmol/mol was also observed in Oc-
above the detection limit with a long-path DOAS at Ny- tober/November (spring) followed by a decrease towards the
Alesund (Tuckermann et al., 1997). First long-term obser-summer and a possible secondary maximum in fall.
vations of 10 in polar regions by zenith sky DOAS, per- The observed high levels of IO in Antarctica might lead to
formed at Neumayer Station, Antarctica, were reported bythe formation of new aerosol particles as had been observed
Friel3 et al. (2001). Based on the interpretation of the diurnain a mid-latitude coastal location, (O’'Dowd and Hoffmann,
variation of IO (see Fig. 11 using radiative transfer calcula-2005; Saiz-Lopez et al., 2007b) and thus could explain the
tions, they concluded that the observed IO is located in thaultrafine particle events that have been observed in coastal
lower troposphere. Mixing ratios of roughly 5—-10 pmol/mol Antarctica (Davison et al., 1996).

250

N
S
3
N
3
1S)

8 April 2005

3 April 2005

Altitude (m)
g

Altitude (m)
g

5]
3

50

www.atmos-chem-phys.net/7/4375/2007/ Atmos. Chem. Phys., 7, 4375-4418, 2007



4390 W. R. Simpson et al.: Halogens and polar boundary-layer ozone depletion

2

0

_2_‘ " am
L o pm

-4 -

T = E
o S -8: A o w
— 8 -104 - 3 O
a = ] ==
o e 2 4 L o
m E h 100 ©
A e 0 : : . 1082

o -2 T e -8 3

= Oct. 27'1999 Reference -6 —

L 4
o
0
w0
=
o esfirinande
60 65 70 75 80 8 90 95
SZA [deg]

Fig. 11. Upper panel: Diurnal variation of the 10 slant column density observed at Neumayer Station, Antarctica by zenith sky DOAS in
spring 1999. Left-hand axis: inferred 10 differential slant column density with unknown offset; Right-hand axis: absolute 10 slant column
density under the assumption that photochemistry leads to a complete removal of 10 from the atmosphere at a solar zenith angfes above 95
Lower Panel: RMS residual of the spectral retrieval on 27 October. Adapted from Friel3 et al. (2001) with permission from the American
Geophysical Union (AGU).

2.4 Interhalogen interactions the absence of a significant ozone depletion event. They re-
ported [Br]/[CI] atom ratios ranging from 80—990 for partial
Preceding sections have introduced the concept that there atzone-depleted conditions. Analysis of their data indicated
a number of interactions between the various halogen comthat the measured haloaldehydes were produced locally, and
pounds. As explained in Sect. 1.3, laboratory studies havehat the precursors were derived from chemistry occurring in
shown that the halogen activating reaction, HOBr+X™, the snow pack.
where X is a halide ion (Cf, Br™) is efficient at activating . , .
both Br~ and CI~ (Fickert et al., 1999; Adams et al., 2002; Alg)rltr:rfg\];\l/zgao\?e?r?;\é?él?gt?o%ff ?hr:;in?jrglr (;rloriglzg?llzvozf
Huff and Abbatt, 2000, 2002). Typically, when Cls the ter et al., 2001). The ratio of Brto CI~ in the ige is impor-
initial reaction partner, the product BrClI reacts with B¢ X ' . . _ b
yielding Br, and CI, however, the efficiency of this con- ta_mt for ha_logen_ reactlons,_andthls ratio has been shown to be
version reaction depends upon bromide being present in th?Ighly variable in snow (Simpson et al., 2905)' Impey et al.
reacting mixture. 1997b) found that tota! pho.tolysable chlorine (TPC_) showed
the highest concentrations in the dark, by full sunlight TPC

A number of studies have investigated the bromine to chlo- T
. L ) as below the detection limit. In contrast, total photolysable
rine ratios in the gas phase. The techniques used most oﬁ'

ten so far is the VOC relative oxidation rate method (‘JOb'a;?jngggli(-rhl?[B)TL??:rlwr:jeiztfg]; tsr?ar?fh\(/aaLuaei;Sk?;thgg;ksnfeo srs
son et al., 1994; Solberg et al., 1996; Ariya et al., 1998; gnt. J

Ramacher et al.. 1999; Rudolph et al., 1999, for more ge.2irmasses with high TPC and TPB are quite different led Im-

tails see Sect. 2.2). Typical Br to Cl ratios derived in pey et al. (1997bj to conclude that the mechanisms for pro-

these studies range from several hundred to over a thousangEJCtlon of chiorine and bromine atoms are also quite differ-

Boudries and Bottenheim (2000) used the absolute decay rat%nt' A steady state analysis led to an estimated [Br}/[Cl] ratio

for alkanes during a rapid ODE at Alert, Nunavut to de- 0f 100-300 during ozone depletion events.

rive a ratio [Br]/[Cl] ~190 for that event. Recently, Keil From these direct and indirect observations it might be
and Shepson (2006) developed a method for measuremerbncluded, and has been discussed in several of the above
of the ratio [Br]/[CI], through measurements of the products papers, that the high variability in the ratio of Br to Cl
(haloaldehydes) of bromine and chlorine atom reaction withatoms of under one hundred to over a thousand (both in
ethene and propene. This method was applied in the Barthe presence and absence of ODES) is likely caused by the
row, Alaska, region, where there are relatively elevated consurface (i.e. snow pack) being the source or “recycler” for
centrations of these alkenes, yet where there are also activibe halogens and the high variability of these halogen’s an-
ozone and Hg depletion events. An advantage of the Keilions in snow and aerosols. Also it might mean that differ-
and Shepson method is that it is very sensitive to halogerent release/recycling processes are dominant under different
chemistry, and chlorine and bromine atoms can be detected inonditions.
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We want to stress again, however, that despite a lack ofjyions of enhanced BrO were largely present over young sea
a clear correlation of Br and Cl atoms there is a clear con-ice but not over multi-year sea ice (Wagner et al., 2001), giv-
nection between chlorine and bromine chemistry, beyond théng strong indications for the relevance of young sea ice in
chemical reaction that produces BrCl (see Reaction R10)halogen activation. The match of the tropospheric BrO fea-
Specifically, the chemistry that producesBind BrCl and  tures to areas of first-year sea ice is probably related to the
the “bromine explosion” requires production of HOBr which higher salinity of first-year ice as compared to multi-year ice
is produced in the reaction of BrO with H@R5) and HQ (Wagner et al., 2001). Frief3 et al. (2004) and Simpson et al.
can be produced to a substantial amount by chlorine chem2007) also showed, using trajectory analysis, that areas of
istry as detailed in Sect. 4.2. first-year sea ice are correlated to high BrO levels. The pro-

In the Antarctic, there is evidence of substantial amountscesses behind transformation of salt from the oceans to re-
of reactive iodine (FrieB et al., 2001), which could be cou- active halogens is crucial for understanding the dependence
pled to bromine chemistry. During the CHABLIS campaign, of halogen activation and ozone depletion on environmen-
a correlation between BrO and IO was observed at Halleyfal properties, particularly sea ice extent. As discussed in
Antarctic (Saiz-Lopez et al., 2007b). Both showed a diur- Sect. 5.1, in the context of a rapidly changing Arctic marine
nal cycle, tracking the solar radiation and peaking at localenvironment, sensible predictions of changes in halogen acti-
noon. This observation indicates that both species are provation require detailed mechanistic understanding of the role
duced photochemically, and have a boundary layer lifetimeof sea ice.
of less than~2h. 10 and BrO showed a correlation with  In this section, we consider sea ice and how salts, initially
the air mass origin predicted by back trajectory calculations,in the ocean, are transported through the ice. This trans-
with elevated concentrations of both radicals when the windport is probably related to sea-ice structures, such as leads
was from the open ice front sector. However, even in con-(cracks in the ice, typically linear and variable in location),
tinental air masses which had not been close to the oceapolynyas (reoccurring, larger areas of open water), and other
over the preceding 5 days, |0 and BrO were still usually ob-sea-ice forms. The process of freezing sea ice has a complex
served at mixing ratios up te6 pmol/mol during sunlit peri-  thermodynamics due to separation of ice from the concen-
ods. This implies that substantial halogen activation must bdrated salt solutions (i.e. brine). Additionally, forms of ice
widespread in the Antarctic boundary layer, not restricted toand snow that occur in the sea ice environment may have key
close proximity to the ice front. Under the conditions en- roles in the halogen activation process. For example, when
countered during CHABLIS the reaction of 10 with BrO an open lead begins to freeze over, it often forms dendritic
would increase @ destruction by about 20% (Saiz-Lopez vapor-deposited ice crystals that wick brine from the freez-
et al., 2007b). ing ice (Perovich and Richter-Menge, 1994; Rankin et al.,

However, in the Arctic, substantially lower levels of re- 2002). These ice forms, known as frost flowers, will be con-
active iodine have been detected, indicating no linkage besidered as possible sources of salt aerosols and possible sites
tween iodine and bromine chemistry for the Arctic. This of halogen activation. Figure 12 shows a photograph of frost
finding seems to be confirmed by recent satellite studies oflowers growing on sea ice.
10 in both hemispheres that could only detect IO above the As sea water cools, ice begins to form and rejection of
detection limit in the southern hemisphere (8chardtetal.,  salts from the freezing water creates highly saline brine. As
2007). It remains an important question if this link has so far the brine cools with the ice, some forms of salts reach solu-
been overlooked or if indeed important differences betweerpility limits and precipitate, altering the chemical composi-
the Arctic and Antarctic in terms of halogen interactions ex- tion of the residual unfrozen brine. The precipitation process
ist. may affect chemistry and impart signatures on salt aerosols

or snow contaminated by their aerosols. Some important pro-
cesses are the precipitation of mirabilite gS&y ¢ 10H,0),

3 Key environmental processes and their effects on Wwhich starts at-8°C, and the precipitation of calcium car-

ODEs bonate (CaC@e 6H,0) at—2°C (Richardson, 1976). Both
of these precipitation processes would be expected to occur
3.1 Therole of seaice at temperatures commonly encountered during the freezing

of sea ice. Hydrohalite (NaGl2H,0) precipitation may oc-
Many of the early studies of Arctic tropospheric ozone de-cur if sea ice is cooled below21°C and is likely to occur
pletion identified marine influences on ozone depleted airin brine aerosols that encounter low air temperatures. Even
masses. As explained in Sect. 1, it was soon clear that seat temperatures down te30°C, some salts remain in liquid
salt is likely the major source for bromine. The observationsolution Koop et al., 2000). Figure 13 shows the properties
of depleted ozone levels during the majority of the time atof the unmelted brine resulting from freezing of sea ice as a
ice camps on the frozen Arctic Ocean reinforced the pic-function of temperature. Precipitation temperatures of vari-
ture of ocean-derived salts as key in the process (Hoppeous salt hydrates are also shown on the plot.
et al., 1994). GOME satellite observations showed that re-
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Fig. 12. A photograph of frost flowers growing on newly forming
seaice. The width of the figure is 12 cm. Courtesy of T. A. Douglas.
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Fig. 13. Properties of seaice as a function of temperature. Rapel

3.1.1 Brine formation and aerosol production

New sea ice formation is linked to these precipitation pro-
cesses, although similar phase transitions occur in sea-salt
aerosol particles, or on the surface of snow contaminated by
salts. Ice begins to form in sea water at aroutid7°C, and

as ice grows, it produces a network of ice crystals interleaved
by volumes of unfrozen brine. Soon the brine forms chan-
nels in the young ice. As the ice cools, the channels con-
strict and some brine is pushed to the surface, while other
brine sinks through the ice down into the water column. The
brine that is pushed to the surface then experiences colder
temperatures, and precipitation processes may begin to oc-
cur. When mirabilite precipitates, sodium and sulfate are
removed from the brine. Because the sulfate concentration
is much smaller than the sodium concentration, the fraction
of sulfate that may be removed is higher than for sodium.
Measurements of aerosol composition in the Antarctic (Wa-
genbach et al., 1998; Rankin et al., 2002; Rankin and Wolff,
2003; Wolff et al., 2003; Hara et al., 2004) showed a de-
crease in the sulfate to sodium ratio compared to sea water
(negative non-sea salt sulfate), indicating fractionation pro-
cesses before release of the particles. As discussed above,
this depletion is caused by the precipitation of mirabilite be-
low —8°C. Rankin and Wolff (2003) estimate that at least
60% of sea-salt aerosol arriving at Halley is derived from
sulfate-depleted brine. Because frost flowers transport brine
at temperatures colder than the mirabilite precipitation tem-
perature, aerosol derived from frost flowers would be ex-
pected to be sulfate depleted. Chemical analysis of frost
flowers indicate that most frost flowers are depleted in sulfate
(Rankin and Wolff, 2003; Simpson et al., 2005). Therefore,
most observations of sulfate depleted aerosol are discussed
as indications of frost flowers as the source of the fraction-
ated brine, although other fractionated brine processes could
still be responsible. Dom@et al. (2004) considered how
wicking of brine up snow on sea ice may produce salty snow,
which could later be blown and form aerosol particles (see
Fig. 14). Overall, these experimental studies indicate that
sulfate-depleted brine, probably derived from frost flowers,
is the most common source of sea-salt aerosol particles in
the polar atmosphere during winter/springtime.

3.1.2 Precipitation processes, modification of pH, and sur-
face reactivity

shows molalities for specific ions in the residual brine. Precipitation Another effect of salt precipitation processes is modification
temperatures of various salt hydrates are shown on the top of thef the brine’s composition. A potentially important precipi-

plot. Panel(b) shows total ion molality and ionic strength of the {ation process in this regard is that of carbonate, which may
un-frozen brine as a function of temperature. Reprinted from Koop,tfect the pH of the residual brine (as proposed by Sander

et al. (2000) with permission from the American Geophysical Union

(AGU).

Atmos. Chem. Phys., 7, 4375-4418, 2007

et al., 2006). The pH of the brine is important because of
the pH dependence of the key step of the bromine explosion
mechanism, the heterogeneous reaction of HOBr with ClI

or Br~ (Reactions R8 and R10). In liquid solution, these
reactions have been shown to have a strong pH dependence
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(Fickert et al., 1999), with efficient reaction at acid pH, but
lower efficiency at high pH. Sea water is basic enough to shu
off the reaction. Some later laboratory studies indicate tha
freezing of the salt solution may reduce or even eliminate
the pH dependence of this reaction (Huff and Abbatt, 2000,
2002; Adams et al., 2002). The alkalinity of sea water derives
from the presence of bicarbonate and carbonate (which are i scasway
equilibrium) in the water. Precipitation of calcium carbon- /3/
ate, which is predicted to occur soon after initial freezing of il >
sea water, depletes carbonate and bicarbonate through the Seawaler sanan
equilibrium and diminishes the buffering capacity of sea-salt

aerosol. This effect could assist the bromine explosion, agjg 14, Jllustration of the main three processes suspected of
has been shown in the model calculations of Sander et akypplying sea salt ions to marine snow: wind-transport of sea
(2006). In another model study, Piot and von Glasow (2007)spray, upward migration from sea ice, and wind-blown frost flow-
showed that the presence of a polluted airmass as in an Arctiers. Reprinted from Dominet al. (2004) with the permission of the
Haze event would have the same effect on the developmer#uthors.

of an ODE as carbonate precipitation. However, a detailed

analysis of the effects of the carbonate system in this context

requires the knowledge of all thermodynamic data (Henry’s
law for COy, solubility products, carbonic acid dissolution

constants) at sub-zero temperatures and activity Correctiongpe realization that sulfate-depleted brine, possibly arising
to the thermodynamic parameters are likely to be necessantom frost flowers, was likely a major source of sea-salt
to account for the effect of salinities in the remaining brine aerosol particles led to the idea that frost flowers are involved
(Richardson, 1976; Marion, 2001). ~in halogen activation (Rankin et al., 2002). The precise
Analysis of the pH of melted frost flowers and snow in means of their involvement is still an active question of re-
Antarctica showed that the pH of the frost-flower melt water goarch. Frost flowers may directly release gas phase bromine
was too alkaline to support bromine explosion chemistry (inyg the atmosphere, or they may produce aerosol particles that

liquid solution), while the pH of melted snow was favorable ¢4ty hromide ions into the atmosphere, where they then un-
for bromine activation (Kalnajs and Avallone, 2006). These dergo halogen activation and produce reactive halogen rad-

results are consistent with the idea that carbonate precipitaie4|s. Brine-derived aerosol particles, or brine wicking may
tion in the brine can reduce the buffer capacity of the aerosolontaminate snow with halide ions that are then activated and

source and thus allow the aerosol to be acidified more easspitted to the atmosphere (e.g. as Bnd BrCl). It is likely
ily. However, if precipitation of carbonate had happened in 4t several of these processes occur; therefore the real dis-

the frost flowers, their surface pH may have been different,,ssjon is: What are the relative roles of these mechanisms?

from the bulk pH analysis employed in this study. In addi- yere we consider each limiting case separately.
tion to the question of the effective pH of frost flowers, ice,

and snow, laboratory experiments and molecular modeling.1.4 Frost flowers as a direct halogen source
studies indicate that all halide ions except for fluoride are
segregated to the surface of aqueous solutions and crystalzost flowers may be a direct source of reactive bromine.
(Ghosal et al., 2000, 2005; Knipping et al., 2000; Jungwirth Frost flowers are vapor deposited crystals, and thus have
and Tobias, 2001, 2002; Finlayson-Pitts, 2003). Jungwirthsharp angular features and enhanced surface area. Early esti-
and Tobias (2002) explained this effect with the polarizabil- mates of their surface area were very high, leading to the idea
ity of the halides that increases with the size of the ion. Thethat bromine is released to the atmosphere from frost flowers
presence of halide ions on the surface was proposed to alRankin et al., 2002). However, due to difficulties in mak-
low heterogeneous oxidation of halides by hydroxyl radicalsing detailed chemical observations near frost flowers, direct
(Knipping et al., 2000; Laskin et al., 2003). These ideas,evidence of their involvement is sparse. One recent study
which were developed in the context of unfrozen aerosol syshas shown rapid ozone depletiorq h) in the marginal ice
tems, may have parallels in frozen systems relevant to polazone, which has been interpreted as due to in-situ chemical
halogen activation. If similar reactions occur for bromide loss (Jacobi et al., 2006). Difficulties with interpretation of
and lead to By or BrCl, it might play a role in initiation of 0zone temporal loss rates are discussed in Sect. 3.3, but if
bromine explosions or possibly in the observationEadter  one assumes that these loss rates are due to chemical loss,
et al. (2001) and Spicer et al. (2002) of,Bmd BrCl before it might indicate that frost flowers produce bromine. Jones
polar sunrise. et al. (2006) found that ozone depletion events detected at
Halley were correlated with airmass motions that brought air
in contact with a large coastal polynya that often produces

© s Seaice

3.1.3 Sources of reactive halogens
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frost flowers. However, a number of other lines of evidencedue to BrO being lofted to elevations above the boundary
can be considered with regard to direct release of bromindayer and transporting long distances (McElroy et al., 1999).
from frost flowers. Measurements of the specific surface are#dditionally, there is satellite-based evidence for outflow of
(SSA) of frost flowers (Domine et al., 2005) found values BrO events from the Arctic, which last multiple days, and
less than 200 cRig for fresh frost flowers<£1 day old), ap- must be sustained on aerosol surfaces (Hollwedel, 2005).
proximately two orders of magnitude smaller than the earlyMost measurements of aerosol bromide enrichment factors
estimates, making frost flowers appear less likely as direcshow that they are enhanced in bromide (Berg et al., 1983;
bromine sources. At first glance, it appears that depletion oBarrie et al., 1988; Toom-Sauntry and Barrie, 2002; lanniello
bromide in frost flowers as compared to a sea salt tracer (e.cet al., 2002; Sander et al., 2003a). Enhancement in bro-
Na™) could be used to calculate the amount of volatilized mide would occur by scavenging of HBr, the chain termi-
bromide. Such measurements of bromide to sodium ratio:ation product of bromine activation, by the particle. This
have been made and showed that bromide is not measurabparticulate bromine could be reactivated to recycle gas-phase
depleted as compared to sodium in frost flowers (Simpsorbromine. Although there is significant evidence for aerosol
et al., 2005). However, the concentration of bromide in frostinvolvement in halogen activation, the early observation that
flowers is so large that even a few percent removal of bro-most ozone depletion episodes are based at the ground argues
mide (smaller than analytical precisions of this study) couldfor some ground-based flux of halogens or their precursors
provide an atmospheric column of bromine of the magnitudeand thus against a dominant role of aerosol particles in halo-
measured by BrO DOAS spectroscopy (e.g. Hausmann anden activation (Bottenheim et al., 2002; Zeng et al., 2003).
Platt, 1994; Tuckermann et al., 1997pkhinger and Platt,
2002). Therefore, the direct observations of bromide ions in3.1.6  Satellite remote sensing of frost flowers
frost flowers do not provide definitive information on their
possible direct role in halogen activation. Arguments basedSatellite-based synthetic aperture radar (SAR) images are ca-
upon the pH of melted frost flowers, discussed above, inpable of detecting frost flowers, through their high brightness
dicate that the pH of frost flowers may be too alkaline to (Kaleschke et al., 2001). Radar images have been used to
support bromine explosion chemistry (Kalnajs and Avallone,examine the relationship between frost flowers and aerosol
2006) at the surface. However, carbonate precipitation mayRankin et al., 2002). Kaleschke et al. (2004) have exploited
allow aerosols and snow to be more easily acidified, promot-multiple satellite-derived data sets to predict regions of pos-
ing halogen activation chemistry (Sander et al., 2006). How-sible frost flower formation. In this method, potential frost
ever, the effective pH of frost flower surfaces in their native flowers (PFF) are calculated by using a physical model of
state is not known and could also be affected by carbonaté¢heir formation (Martin et al., 1995, 1996) that is based upon
precipitation as discussed in Sect. 3.1.2. Frost flowers couldhe combination of open water fraction, the regions that soon
also be indirect source of reactive bromine through aerosofreeze over forming new ice, and the ambient air tempera-
production, as discussed in the following section. ture, a factor that takes into account the observation that cold
air temperatures are needed to form frost flowers. With this
3.1.5 Frost flower-derived aerosol as a halogen source  physical model, PFF can be calculated from satellite-derived
sea-ice fraction maps (from SSM/I or AMSR-E passive mi-
Aerosol produced from frost flowers contains relatively high crowave images) and meteorological reanalysis of tempera-
concentrations of sea salt, and thus could be the predomiture fields. Kaleschke et al. (2004) showed that the areas of
nant surface on which the HOBr+Xreactions occur (Re- high PFF fraction, when advected by one day using a tra-
actions R8 and R10). Many modeling studies have foundjectory model matched spatial patterns of satellite derived
that reactions on aerosol surfaces are important in sustairenhanced vertical columns of BrO. Figure 15 shows an ex-
ing halogen activation events (McConnell et al., 1992; Fanample of this spatial match. This correlation shows evidence
and Jacob, 1992; Tang and McConnell, 1996; Sander et althat frost flowers, or the conditions that are prone to form
1997; Michalowski et al., 2000; Evans et al., 2003). Evi- them, appear in coincidence with bromine explosion events.
dence for aerosol involvement in halogen activation comed.ater work by Kaleschke and co-workers considered the an-
from ground-based MAX-DOAS BrO profile observations nual cycle in PFF fraction to try to explain the annual cycle of
(Honninger et al., 2004b) done in coincidence with surface-BrO, as discussed in Sect. 3.2.2 (Kaleschke et al., 2005). Re-
level BrO concentration measurements that have shown thatently, Bottenheim and Chan (2006) showed that younger sea
BrO layers can be aloft. Because the lifetime of Bi©only ice areas, particularly areas known for polynya formation,
a few hours in the absence of recycling (see Sect. 1.3), layerappear to be sources of ozone depleted airmasses. However,
observed aloft would need to be either lofted quite recently ora recent trajectory study showed that PFF contact was not
BrOyx would have to recycle on lofted aerosol. Therefore, thisas good a predictor of BrO in airmasses impacting Barrow,
observation shows aerosol is probably capable of sustaininglaska, as was simple first year ice contact (Simpson et al.,
halogen activation. Very high column densities of BrO ob- 2007). Further work in this area is needed to determine if it is
served from a high-altitude aircraft were also interpreted asactually frost flowers that are causing this correlation, and if
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the release of bromine is from the frost flowers directly, from
aerosol produced, or from snow contaminated by the aerosol.

3.1.7 Saline surfaces as a halogen source

Saline surfaces, particularly snow pack in coastal areas and
snow/ice on the sea ice contaminated with sea salts, are ubig-
uitous in polar regions during springtime, making them pos-
sible sites for halogen activation. As discussed in Sect. 3.1.1,
show is contaminated by salts by wind-transport of sea spray,
upward migration from sea ice, and wind-blown frost flow-
ers. The surface-based nature of ozone depletion episodes,
discussed in Sect. 3.1.5, also provides indirect evidence that
the snow pack may be providing the halogen flux. Direct
measurements of Brand BrCl above snow by mass spec-
troscopy have shown the most clear evidence for the role of
snow pack in halogen activation (Foster et al., 2001; Spicer
et al.,, 2002). In these direct studies, in-snow measure-
ments also showed that snow was the source of the halogen
gases. In-situ measurements of BrO by resonance fluored=ig- 15. The spatial match between potential frost flowers (PFF),
cence showed high BrO concentrations near the snow suShown by stars and regions of enhanced BrO (shown in red iso-
face, also providing evidence for snow as a source of reactiv?omours)' Reprinted from Kaleschke et al. (2004) with permission
halogen gases (Avallone et al., 2003). Additional indirect ev- fom the American Geophysical Union (AGU).
idence for the role of snow in the processing of bromine are
measurements of the coastal gradient in bromide enrichment
factors that showed that many snow samples were signifi- ] ) ] )
cantly depleted in bromide, indicating that they had rebasedatmosp_henc temperature structure, and hmlder vert|c_:al mix-
bromine to the atmosphere (Simpson et al., 2005). Snownd: While the boundary layer can be most simply defined as
pack may also be related to halogen activation via photo-the Iayer_ of the atmosphere directly influenced by the E_arth’s
chemistry, as is discussed in the companion review papegUrface in the exchange of heat, momentum, and moisture.
on snow photochemistry. In a recent model study, Piot and™rom the perspective of chemistry occurring at Earth’s sur-
von Glasow (2007) found that they could reproduce an ODEface it would be the layer of the atmosphere through which
in a one-dimensional model only when, in addition to the Primary emissions from the surface would be mixed verti-
bromine source in form of frost flower aerosol, the re-releasec@lly- This concept allows a quantitative definition of BL
of deposited bromine from the snow pack as Bnd BrCl helght._ For example, the tqp of the BL can be defined as
was assumed. A major ODE developed only 3—-4 days aftethe point where some qua_mtlty (_e.g. heat flux, concentration
emission of the salt aerosols in the model. They also note tha§tc:) falls off to some fraction of its surface value (e.g. 10%).
their results are not restricted to the source of salt aerosol¥ ¢an also be observed using remote sensing such as sodar
being from frost flowers, any other process related to salty(®-9- Neff et al., 2007; Jones et al., 2006) or lidar systems
aerosols being emitted from brine would have led to the samd€-9- Zeng et al., 2003). It can also be deduced from series
results. Direct degassing of gas-phase bromine from a frospf 0Zzonesondes (e.g. Shepson et al., 2003) although because
flowers field only leads to ODEs under unrealistic conditions. ©f the long lifetime of ozone (or conversely its slow recov-
ery rate after depletion) its vertical profile may not coincide
3.2 The role of meteorology and boundary layer physics with short term variations in the boundary depth (Neff et al.,
2007). In this respect, chemical as well as temperature pro-
3.2.1 Polar boundary layer description filing often reflect the history of boundary layer processes,
not necessarily the boundary layer’s current state.

The boundary layer in polar regions is unique and may play As described by Anderson and Neff (2007), boundary lay-
a dominant role in ODE chemistry by limiting the disper- ers fall into three general classes: stable, neutral, or unsta-
sion of reactive chemicals produced from Earth’s surfaceble (convective). In the stable BL, the turbulence produced
For a detailed description of the polar boundary layer, seeby friction of the air flow over a rough surface has to work
the accompanying review article, Anderson and Neff (2007).against the effect of buoyancy, eroding into the overlying air.
In discussions of the meteorology of atmosphere-ice interdn the neutral BL, no work needs to be done to overcome
actions, it is important to distinguish between temperaturebuoyancy and the BL simply grows or diminishes in response
inversions and boundary layers (BL). Inversions describe théo changes in surface friction and the rate of dissipation of
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turbulent energy (a molecular process). In the unstable, ocrease rates: decrease of more than 30 nmol/mol to less than
convective, BL, turbulence is produced by heated parcels risd nmol/mol within several hours (Bottenheim et al., 1986;
ing from a warmer surface into cooler air aloft. In these Tuckermann et al., 1997; Morin et al., 2005; Jones et al.,
cases, the “heated surface” can arise from the absorption d&2006; Jacobi et al., 2006). An example of particularly rapid
radiation (e.g. direct sunlight), development of a heat andO3 temporal loss and recovery is shown in Fig. 16. Most
moisture source such as the relatively warm water in an operf these events can be clearly attributed to a change in air
lead (Serreze et al., 1992; Alam and Curry, 1995), or resulimasses, where air parcels with reducegl @@ncentrations
from an air mass change where a cold air mass moves ovexere quickly transported to the measuring sites. For this
a warmer surface. In polar regions, each of these “classitreason, it is generally considered that the temporal rate of
cal” BLs can occur within an otherwise stable atmosphere.ozone decrease at a fixed site is not a good measure of the
For an example of complex vertical mixing and layering, seechemical ozone destruction rate. Most modeling studies also
the trajectory calculations of Friel3 et al. (2004) shown inindicate that the chemical rate of ozone destruction is on
Fig. 7. Complicating this picture are other buoyancy effectsthe order of at least a day (e.g. Fan and Jacob, 1992; Mc-
such as wave motions that may transfer momentum but no€onnell et al., 1992; Sander et al., 2006), or rather on a 3-5
heat and the effects of the heterogeneous surfaces charactelay timescale as shown in studies where it was attempted to
istic of coastal areas. This last effect is sometimes present ineproduce ODEs from the release of halogens from the snow-
ground-based observations of ODEs from coastal sites, andack (Michalowski et al., 2000) or from frost flower-related
often adds complication to the observations and modelingaerosol and recycling on snow (Piot and von Glasow, 2007).
(Zeng et al., 2003; Jones et al., 2006). One field study that was made in the marginal ice zone of
Ozone depletion episodes have been observed to be spthe frozen Arctic Ocean has interpreted their observation as
radic at locations like Alert, Barrow, or Nfdesund, indicat-  being due to rapid local chemical processing (Jacobi et al.,
ing that rapid changes in atmospheric conditions affect the2006).
beginning and ending of these events. Some of these changesThe earliest observations of ozone depletion events
could be associated with complicating coastal topographyshowed that they occurred in the spring but not in the fall
Limited ice camp observations (Hopper et al., 1994) and(Oltmans and Komhyr, 1986), and this apparent seasonal
satellite observations of BrO (e.g. Wagner and Platt, 1998agasymmetry has been a point for discussion ever since. In
Richter et al., 1998c) show that at higher latitudes the condifact, earlier observations of bromine aerosol (Berg et al.,
tions of ODEs are the most common situation in spring (se€l983) showed that bromine peaks in springtime and not in
Sect. 1). the fall. Most interpretations of this asymmetry relate to the
asymmetry of the annual cycle of temperature and snow/ice
3.2.2 Meteorological influences on ozone destructionas compared to the solar input. The solar input is symmet-
events and seasonality ric about the summer solstice, while the temperature and
snow/ice cycles are lagged, with significantly lower tempera-
The relationship between ozone depletion events and the mdures and snow and sea ice during the springtime and warmer
teorological situation during their detection has been studtemperatures and increased open water during fall. This sea-
ied since the initial observations of this phenomenon (e.gsonal change in surface properties also causes stronger sur-
Oltmans and Komhyr, 1986; Bottenheim et al., 1986; Hop-face temperature inversions, reduced vertical mixing, and
per et al., 1994). These investigations, however, have beea shallower atmospheric boundary layer in the springtime.
difficult to interpret because of the specific meteorology of Lehrer et al. (2004) argued that the combination of a shallow
the limited number of stations where observations have beeboundary layer, availability of salts on the sea ice surface,
made. Generally, ozone depletion episodes are correlatednd solar radiation, which drives the photochemistry, is only
with air mass contact with sea-ice and stable boundary layeproper for halogen activation in the springtime. Kaleschke
structures, which typically occur during low wind speeds andet al. (2005) extended their work on potential frost flowers
clear sky conditions (Wagner et al., 2001; Friel et al., 2004(Kaleschke et al., 2004), discussed in Sect. 3.1.6, to a hemi-
Jones et al., 2006). To observe ODEs at sites elevated frorapheric scale and showed that the hemispheric-averaged BrO
the sea ice or significantly inland (e.g. Alert), winds are nec-has a similar annual cycle to the product of the solar flux
essary to bring the ozone depleted air mass up to the staimes PFF. If PFF is a good predictor of frost flowers or other
tion. Therefore, the events may be detected during relativelyprocesses leading to the release/activation of Br pho-
high wind events (Hausmann and Platt, 199d4nHinger and  tolysable bromine, this work could indicate that the higher
Platt, 2002). The complication that observation of ODEs probability of cold conditions and new ice formation (pre-
at topographically complex coastal sites (e.g. Alert) usuallyrequisites for PFF) in springtime than during fall is the cause
requires specific meteorological conditions to transport theof the seasonal asymmetry.
proper air masses to the field site has also caused difficulty in
interpretation of the rate of ozone destruction. Many of the
observations have shown extremely rapid temporalde-

Atmos. Chem. Phys., 7, 4375-4418, 2007 www.atmos-chem-phys.net/7/4375/2007/



W. R. Simpson et al.: Halogens and polar boundary-layer ozone depletion 4397

— i e 0 ....." T | T | T | T _ L) ﬂ ] ﬂ L) ".J ‘.‘.q:‘,..\rt.;ﬂ'u 360 —
‘0w 14 4 : . wind-direction : : e
E£12 3 5
10 4 B
FEE £
& 63 S
o ] ©
£ 497 oo £
= 24 - =
0 0
I 5 o Temperatures — = Temperatures 0 O
S 3 0.5m agl E 3 0.5m agl [
€ 43+ 25magl - e < 25magh S @
S 33 S IR et sov  E-10 7
E 23 E g
0. 13 k5
I 0 3 = 3
=403 | =
30 o Gt g
—_— 20 -] —
o o
E 109 M g
O I ) ) I ) ) I ) ) I 1 I ) ) I ) ) I ) ) I O

20:30 20:39 20:48 20:57 03:45 03:54 04:03 04:12
time, UTC, April 22, 2004 time, UTC, April 23, 2004

Fig. 16. Close-up on the onset and end of the wind episode over the Arctic Ocean near Alert that recovered normal ozone levels. From
OOTI 2004 measurements. Reprinted from Morin et al. (2005) with permission from the American Geophysical Union (AGU).

3.2.3 Termination of ozone depletion events for this upward transport have been found in satellite images
(Hollwedel, 2005).

Little is understood about the termination of ozone depletion3.3  The role of surface fluxes and snow photochemistry
chemistry; however the sporadic nature of observed ozone

depletion events indicates that for a termination, mixing of3.3.1 HQ, and NQ fluxes

ozone rich airmasses back into the boundary layer must oc-

cur. Removal of reactive bromine could terminate the chainAs was described in Sect. 1.3, bromine can be released from
reaction through conversion to HBr or particulate bromine, salty ice surfaces in an autocatalytic chemical mechanism
which is deposited with the respective particles and has therethat oxidizes bromide in the salt to bromine that is released
fore a lifetime on the order of hours to about one week. Sim-to the atmosphere. In these reactions xH@d acidity (H)

ilarly, gas phase bromine is deposited to the ground. As disare consumed to drive the oxidation, coupling the bromine
cussed in Sects. 1.3 and 3.3, bromine that has been depositedplosion chemistry to HOchemistry. Many studies have

to snow surfaces can easily be re-released to the atmospherghown that the snow pack is a photochemical reactor that
Therefore, deposition to the unfrozen ocean or burial in theproduces HQ precursors, such as HONO, (e.g. Zhou et al.,
snow pack beyond ventilation depth may be necessary t@001; Domire and Shepson, 2002) indicating ties between
truly remove bromine. It is likely that the termination is as- snow pack chemistry and ozone depletion chemistry in the
sociated with extensive vertical mixing which occurs more overlying atmosphere. Additionally, snow pack photochem-
often in fall, which may be one reason that ODEs are not ob-istry is likely to produce small organic molecules (Sumner
served in that season (Lehrer et al., 2004). Rapid changeand Shepson, 1999; Michalowski et al., 2000; Boudries et al.,
in air masses are usually related to the passing of synop2004) that can be sinks for reactive halogen species, such
tic systems. Often the passing of fronts is associated witras HCHO, also modulating the efficiency of ozone deple-
the break-up of the inversion capping the boundary layer andion. NOy is also produced by snow pack photochemistry and
strong vertical mixing leading to the entrainment of free tro- interacts with halogen oxide cycling (Honrath et al., 1999,
pospheric air into the boundary layer. Under ODE condi- 2000; Jones et al., 1999, 2000). The surface chemistry pro-
tions this most importantly means the entrainment gb@d ducing the HQ and NG, and field observations are discussed
the transport of bromine to the free troposphere. Indicationsn detail in the accompanying snow photochemistry review
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paper (Grannas et al., 2007). Here we focus on couplingdons in the Arctic. They measured a variety of compounds
between HQ and NG precursors and halogen species. including CHsl, CHalz, CHxCII with mixing ratios in the

In the pristine polar environment, it is expected that OH range 0.7—2 pmol/mol and GBr,, CHBr3, CHyBrClI, and
levels, and hence the rate of chemical oxidation of VOCs,CHBrCl between 0.1 and 0.5 pmol/mol. Most of the organic
are low. However, summertime measurements at South Polbromine compounds are thought to be produced biologically,
(Mauldin et al., 2004) and at Summit (Sjostedt et al., 2007)by macro and micro algae and esp. by ice algae (e.g. Reifen-
show several times f@nolecule cnm® OH radicals, higher hauser and Heumann, 1992a; Schall et al., 1994). Wever et al.
than expected for production via ozone photolysis and thg(1991) even measured the direct release of HOBr from sea-
subsequent @D)+H,0 reaction. At the South Pole, photol- weed in incubation studies indicating a potentially larger role
ysis of O, and HCHO produced from the snow pack causefor seaweed in ODESs than one might expect from the release
much of the OH enhancement, with the additional factor of of only organic bromine compounds. The production of halo-
relatively high levels of snow pack-produced NO altering the carbons by different types of macroalgae in the south polar
partitioning of HQ, to favor OH. At Summit, ozone photol- sea was investigated by Schall et al. (1994), who have found
ysis is a key producer of OH with snow pack®b also con-  that organoiodines are mainly emitted as 4.1 ng/g of
tributing. The photolysis of nitrate ions in the snow appearswet algae in case dfaminaria saccarina), followed by CHl
to be the initiating step in production of NGprecursors — and CHCII. Volatilisation of these compounds occurs if the
see the accompanying snow photochemistry review (Grannagcean becomes supersaturated, which is the case for iodi-
et al., 2007). This type of modification of the atmospheric nated hydrocarbons with mean sea water concentrations of
composition as compared to snow pack-free chemical modz2.5 ng/l for CHl and 0.15 ng/l for CHCII in the south po-
els was discussed in a review article (Domiand Shepson, lar sea (Reifenfuser and Heumann, 1992b). There is only
2002) and references therein. Box models have also showlimited knowledge about the production of biomass and the
an increase in OH and decrease in H®ncentrations dur- related release rates of iodinated organic compounds into
ing ODEs reflecting the shift in HOspeciation due to halo- the atmosphere. The primary production of biomass in the
gen chemistry (e.g. Sander et al., 1997). Model calculationsSouthern Ocean per area and year was estimated by Lgnne
trying to reproduce halogen oxide measurements during th€¢1999) to 645 g(C)/Myr, which is more than twice as much
recent CHABLIS campaign (Saiz-Lopez et al., 2007c) andas the average production rate for all oceans (282 g@yfm
other studies indicate there may be substantial photochem:onghurst et al., 1995). Very little is known about the re-
ical production of reactive halogen species from the snowlease of iodinated compounds during winter, and only rough
pack, with rapid conversion to reservoir species aloft. The re-estimates exist on the biomass production of the sea ice
sulting sharp vertical gradients in halogen oxides would thencovered polar ocean. The total primary biological produc-
produce significant vertical gradients in OH and Hén-  tion associated with the Antarctic sea has been estimated to
centrations above the snow pack, with implications for plac-2.14x 10'#g(C)/yr (Legendre et al., 1992). Thus, 33% of the
ing of inlets for field instruments. Other studies have showntotal primary production takes place below, in, or on the sur-
that ozone may be destroyed in the snow pack (Peterson arfdce of the sea ice, with the majority (1,410 g(C)/yr) be-
Honrath, 2001; Boudries et al., 2004), as is described in théng produced in the water column in ice edge blooms. While
accompanying snow photochemistry review article (Grannaghe biological activity is more uniformly distributed over the

et al., 2007). whole water column during summer, it is concentrated on the
surface in the ice covered ocean during winter/spring.
3.3.2 Haloorganic fluxes Incubation studies (Moore et al., 1996) showed that

a number of cold-water diatoms were capable of pro-

The concept that haloorganic molecules are the main sourcéuction of short-lived polyhalomethanes including CHBr
of the reactive halogen species (Barrie et al., 1988) has bee@H,l, and CHICI. Concentrations of bromo- and bro-
replaced by the view that the majority of the reactive halogenmochloromethanes in Arctic air have been observed to peak
species come from sea salt (see Sect. 1). However they migliver a broad winter period and apparently did not directly
be the major source for iodine and there may still be a role forcorrespond to blooms of marine biotokouchi et al., 1996),
haloorganic fluxes in initiation or termination of the reactive however their seasonal variations will also be affected by
halogen chemistry. In this section, we consider observationsariations in prevailing winds and in chemical loss rates, and
of haloorganic molecules in the polar regions and their impli- have not been definitively assigned to any one cause. Spring
cations for halogen activation/ozone depletion chemistry anchlooms of sea ice algae tend to occur rather earlier than those
as source for reactive iodine. of phytoplankton, and indeed the sea ice communities that

Sturges et al. (1992) and Sturges and Shaw (1993) demordetach from the ice during polar spring may seed the subse-
strated that Arctic and Antarctic sea ice algae were a sourcguent phytoplankton blooms (Lizotte, 2001).
of bromoform (CHBg) and observed venting of bromoform There is also evidence for abiotic sources of halocarbons
from cracks in the sea ice. Schall and Heumann (1993) rein the polar regions. Swanson et al. (2002) measured the
ported the first measurements of bromo and iodo halocaralkyl halides CHBr, CHsl and GHsl in the near-surface
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Arctic snow pack and found their concentrations to be 3— 4.0 350
10 times higher in the snow pack than in ambient air. The
authors suggested a photochemical source from reaction oz
alkyl radicals produced from photolysis of carbonyl com-
pounds, which comprise part of the high levels of total
organic carbon found in snow (Couch et al., 2000; Yang
et al.,, 2002). More recently, the shorter-lived di- and tri-
halomethanes (e.g. CHBrCHal,, CHzIBr, CH2ICI) have
been observed in high concentrations in air that had passe 1.0
over the frozen Hudson Bay during polar sunrise (Carpenter
et al., 2005a, and see Fig. 17). The absence of local leads it

35 300

3.0
250

25
200

150

CHal,, CH,IBr, CH,ICI (p)
N
o
Wind direction (degrees),
Net solar radiation (W m? x 3)

100

L

4|
J
[ | f
.;H\-\A‘JN-_.&(

0.5 50

X

the Bay coupled with the extremely short atmospheric life- 0.0 0
. . . . . 05-Mar 06-Mar 07-Mar 08-Mar 09-Mar 10-Mar
time of CHl» indicated that production occurred in the sur- 1200 12:00 1200  12:00  12:00  12:00
face of the sea-ice/overlying snow pack rather than from al- Date, EST

gal emissions through leads. Carpenter et al. (2005a) pro-
posed an abiotic mechanism for the production of polyhalo-Fig. 17. Organoiodines observed at Hudson Bay, Canada during
genated iodo- and bromocarbons, via reaction of HOI and/of—10 March 2004. Shown are the mixing ratios of L#i(red),
HOBr with organic material in the quasi-liquid layer to ex- CH2IBr (green), CRICI (blue), net solar radiation (pink) and wind
lin s phenomenon, bt s tihasyet o b cofimed] 217 ec)_Kaoies 107 Seeer 2, 00 oors
by studies within the snow pack. Such allink between organic, 2" 29 "g515"ga16. Copyright 2005 American Chemical So-
and inorganic halogen release may, however, offer an expla(-:i oty.
nation for observations that CHBIs inversely correlated to
O3 and positively correlated to inorganic Br during polar sun-
rise (Bottenheim et al., 1990; Li et al., 1994; Carpenter et al.,
2005a). The observations and suggestions by Swanson et a. |mpacts of ODEs on polar chemistry
(2002) and Carpenter et al. (2005a) might be an explanation
for the airborne measurements of CHBy Wingenteretal. 4.1  Effects on halogen — mercury interactions
(2003) that showed elevated concentrations over the Cana-
dian Arctic during boundary layer ODEs. However, no other Mercury (Hg) is a global pollutant emitted from both natural
organic gas measured during these flights showed a similaand anthropogenic sources. Anthropogenic contributions are
anticorrelation which might be due to the different lifetimes suggested to have increased the atmospheric mercury load-
of these gases. ing significantly in comparison to pre-industrial times (Ma-
Although the direct chemical impact of bromoform on son et al., 1994). Some natural sources of mercury include:
ODEs is thought to be negligible, recent modeling studiesforest fires, volcanoes, and emissions from oceans. Anthro-
(Calvert and Lindberg, 2004a,b) indicate that reactive or-pogenic mercury sources are: coal-fired power plants, chlor-
ganic iodocarbons such as @li could play an important  alkali plants, medical activities, and products such as fluores-
role. The Calvert and Lindberg (2004a,b) studies found thatcent light bulbs, thermometers, and switches. The high va-
per molecule, Chl> and other iodine compounds added to a por pressure of this metal enables mercury to be transported
Bro and BrCl mixture have a significantly greater ozone de-in the atmosphere, primarily in the form of gaseous elemen-
pletion effect than additional Brand BrCl molecules. Ob- tal mercury. Recent data from the developing world (e.g.,
served total organic reactive iodine mixing ratios of up to China) indicates that a large fraction of the observed atmo-
5 pmol/mol (sum of CHI>+CH;IBr+CHyICI) in Arctic air spheric mercury is emitted in the form of mercury particles.
(Carpenter et al., 2005a) could produce reactive | species thathe particulate fraction deposits locally near point sources,
may either couple into bromine explosion chemistry or par-but the gas (H9 transports over long ranges. His then
ticipate through cross reaction cycles (e.g. I0+BrO). How-oxidized to reactive gaseous mercury (RGM) that is rapidly
ever, these reactive iodine species mixing ratios are signifscavenged. The unique chemistry of the Arctic region ap-
icantly smaller than the observed BrCl and; Bnixing ra- pears very efficient in oxidizing Hgand depositing the prod-
tios of 0—35 pmol/mol and 0—25 pmol/mol, respectively, ob- ucts. Following deposition, mercury can, in part, re-enter
served during polar sunrise at Alert, Canada (Foster et al.the atmosphere through volatalization and (photo)reduction
2001; Spicer et al., 2002). processes. The remaining deposited mercury can ultimately
reach deep sediments and/or bioaccumulate into wildlife
(primarily in the marine environment) and eventually into
humans as well. All forms of Hg that have been detected in
the atmosphere have been established as toxic (Hylander and
Goodsite, 2006), however the level of toxicity of mercury
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Fig. 18. Time series of air temperature, total gaseous mercury (TGM), and ozone concentrations at Alert, Canada, in 1995. The inset
shows concentrations of TGM versus ozone at Alert for the period from 9 April 1995 to 29 May 1995. Nak€4H@a8 for the correlation

between TGM and ozone concentrations during this period. From Alexandra Steffen based upon data of Schroeder et al. (1998). Reprintec
by permission from Macmillan Publishers LTD: Nature, copyright 1998.

compounds varies significantly, with organomercury com-tic and marine boundary layer (and possibly the free tropo-

plexes being particularly neurotoxic compounds. sphere) to convert gas-phase elemental mercury (GEM, or
Schroeder et al. (1998) were the first to report rapid de-€quivalently HE) as shown below:

pletion of measured gaseous elemental mercury (GEM) in Br + Hgo — HgBr (R14)

the marine boundary layer during the springtime in the Arc- BrO + Hg® — HgO + Br (R15)

tic (see Fig. 18). It was found that within hours GEM 0
decreased from its average background air concentratioff™© Hgo — HgBro (R16)
(~1.7ngn73), in the Northern Hemisphere (Slemr et al., BrO+ Hg" — HgBr+ O (R17)

2003) to values lower than 0.5 ngth This finding was con-  These oxidized inorganic Hg species, currently operationally
trary to the typical GEM atmospheric residence time of 6-24efined as reactive gaseous mercury (RGM), are more reac-
months (Schroeder and Munthe, 1998). It was also foundjye than GEM and may directly deposit to snowlice or as-
that the depletion of Hg occurred concurrently with tropo- gocjate with particles in the air that can subsequently deposit
spheric ozone deple_tion. The occurrence and mechanismgnto the snow and ice surfaces (Lu et al., 2001; Lindberg
of these “atmospheric mercury depletion events (AMDES)” gt g1, 2002). Increases in both RGM and particulate adsorbed
are reviewed by Steffen et al. (2007). The observations Ofmercury (p-Hg) have been reported in conjunction with de-
Schroeder et al. (1998), have led to many field campaigng.reases of GEM (Lu et al., 2001; Lindberg et al., 2002;
where observations of AMDESs were made throughout polarASpmo et al., 2005). High levels of mercury are found in
regions (e.g. Schroeder et al., 2003; Ebinghaus et al., 2004,ow and ice in regions influenced by ODES/AMDES (Lind-
and has engendered a new field of mercury research. Halgserq et al., 2002; Douglas et al., 2005; Bargagli et al., 2005).
gens appear to play a key role in these AMDES but a comgtimates have calculated that these spring-time mercury de-
plete understanding of these reaction processes has yet to Bfation events deposit between 50 and 300 additional tons of
achieved (e.g. Ariya et al., 2004). mercury to the Arctic over a period of one year (Schroeder
Considerable research has been undertaken in the last segt al., 1998; Banic et al., 2002; Ariya et al., 2004). It has been
eral years to elucidate the mechanisms behind these AMDEproposed that this input to the polar environment may have
and to include this knowledge into numerical models usingconsequences for the health of the aboriginal population and
both experimental and calculated kinetic data in regards tdhe Arctic ecosystems following flushing of mercury in the
mercury and halogen interactions (e.g. Ariya et al., 2002,melt water during springtime and summer (Schroeder et al.,
2004; Shepler and Peterson, 2003; Khalizov et al., 2003,1998; Lu et al., 2001; Lindberg et al., 2002; Hylander and
Calvert and Lindberg, 2003; Goodsite et al., 2004; RaofieGoodsite, 2006; Poulain et al., 2006). Hg exposure was as-
and Ariya, 2004, 2006). This research proposes that, througkessed in two communities in Nunavut at two Arctic sites of
a series of photochemically initiated interactions, reactivelgloolik and Repulse Bay (Chan, 2005). In this study, 33%
bromine plays the key role in oxidizing mercury in the Arc- of participants from Igloolik and 60% of participants from
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Repulse Bay had exposure estimates above the minimal risl

level. 1 ' T '

Atomic bromine and bromine oxide are thought to play - & : Alert, normal ozone | |
essential roles in AMDES, however, atomic bromine is sus- & = - i‘;f:’;'g’/"vzzone
pected to be a more important oxidant in these reactions. Re § 08l 5@;@
actions of Cl, C4, and Bp, are reportedly too slow to bere- 3 | i@ - ]
sponsible for AMDES (e.g. Ariya et al., 2002, 2004; Good- £, 971 2% ]
site et al., 2004). Recent laboratory studies o$},10, and E:‘ . o |gg HO kinetics
CIlO initiated reactions of GEM indicate that these reactions & o6 | " i
are unlikely to compete with Br-atom oxidation mechanism :9’ g !‘ﬂ l'" ° . ¢
in the destruction of elemental mercury in the Arctic (Raofie = 05} L i
and Ariya, 2006). I —=—— Cl kinetics

The remaining open questions include the identification of 0.4 0'1 0'2 0‘3 B
the exact chemical structure of so-called RGM and p-Hg, ’ ’ ‘ ’
as the existing analytical techniques are inadequate to de [i-butane]/[propane]
termine the detailed chemical speciation of mercury. Fur-
ther kinetic, theoretical, and product studies to determine priFig. 19. Observed ratios of hydrocarbons during normal and low
mary and secondary reactions leading to oxidized mercuryzone condition. Reprinted from Jobson et al. (1994) with permis-
are required. Further studies on redox mechanisms (includsion from the American Geophysical Union (AGU).
ing photo-redox) in snow, at the air-snow interface, in clouds
and fogs, and in molten snow are needed, as they are amongst
several factors that dictate the accumulation of mercury in

polar environments As discussed by Sumner et al. (2002), H®produced in

significant part by Cl atom reaction with VOCs (e.g. methane
and ethane), to produce Hdlirectly, or through photolysis

of the product HCHO. Therefore, of particular importance is

Ozone depletion and halogen chemistry has a significan{he production of HCHO, as this species ties together halo-

impact on VOC and OVOC photochemistry. Jobson et al.gensa\f/OCst,harfld”ODEs anthMDEs. HCHO can be pro-
(1994) and Yokouchi et al. (1994) first observed that light 94C€d Ifom the following reaction sequence.

hydrocarbons are rapidly consumed (mostly by Cl atoms) C| 4 CHy(+0,) — HCI + CH300 (R18)
during ODEs. The lifetime of propane under normal con-

4.2 Effects on hydrocarbons and aldehydes

CH300+ NO — CH30 + NO R19
ditions for example igkon x [OH]) ~1~14 days (at T=245K 300 + — CH30 + NOy (R19)
and with a global average of [OH]=ax10fcm~3). How-  CH3OO+ CH300 — 2CH;0 + O (R20)
ever, during ozone depletion events, the [Cl] concentrationsCH3OO + CH300 — CH30H + HCHO + O2 (R21)
may be as high asFx 10* cm~3 (Boudries and Bottenheim, CHsO + Oy — HCHO + HO, (R22)
2000). The high rate constant of Cl with propane (8800 HCHO + 7v(4+-0p) — 2HO3 + CO (R23)

times larger with CI than OH) results in a propane lifetime

of ~8h. Jobson et al. (1994) and Yokouchi et al. (1994) Hydroperoxy radicals (H&, produced in the reactions
showed that reactive alkanes, such as butane and n- and isabove, can then react with BrO as in Reaction (R5) to pro-
pentane are nearly completely removed during ODEs. Usuduce HOBr, a central reactant involved in the “bromine ex-
ally they would decay slowly through the spring season, dueplosion” (see Sect. 1.3) and thus accelerating the halogen,
to reduced OH radical chemistry at large solar zenith angleDDE and AMDE chemistry.

and low absolute [bO]. Jobson et al. (1994) used the ratio  Gas phase oxidation cannot account for the observed
[isobutane]/[n-butane] as an indicator of chlorine atom ox-HCHO. Shown in Fig. 20 is the measured HCHO at Alert
idation to show that during ozone depletion events there isabove the snow pack, as a function of ozone concentra-
extensive chlorine-atom processing of VOCs (see Fig. 19)tion. Also shown is the concentration calculated from ox-
Possibly more important than the rapid destruction of alka-idation of CH; by Cl atoms, which can account for only
nes, alkenes and most aromatics is the production of OVOC~100 pmol/mol HCHO. However, as much as 300 pmol/mol
oxidation products in the stable polar marine boundary layerin the near-surface boundary layer have been observed dur-
For example, during ozone depletion events, there is a subing partial ODEs. Production in and emission from the snow
stantial consumption of propane, and a concomitant increaspack is discussed in the companion paper on snow photo-
in acetone (Guimbaud et al., 2002). It is important to note,chemistry (see also Fuhrer et al., 1996; Hutterli et al., 1999;
however, that alkane oxidation alone cannot account for theSumner and Shepson, 1999; Sumner et al., 2002; Perrier
increase in gas phase OVOCs during ODEs (Sumner et algt al., 2002; Grannas et al., 2002; Hutterli et al., 2004; Riedel
2002; Guimbaud et al., 2002). etal., 2005).
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Table 3. Some literature calculations of radiative forcing (mostly longwave) by tropospheric ozone, linearly interpolated or extrapolated to a
change of +3 DU. Most papers report radiative forcing rather than the change in surface temperature, and we have used a climate sensitivity
of 2.5WnT2K~1 to relate them. Although the model comparison by Gauss et al. (2003) examines results from 11 different CTMs, the
ozone change from each is fed into the radiative model of Berntsen and Isaksen (1997), so does not produce independent calculations for
given ozone change.

Citation Model type  Height of @change location Forcing (W ﬁ?) Change in surfac&
Lacis et al. (1990) rad.-convect tropopause mid-latitudes 0.14 0.055K
Berntsen and Isaksen (1997) radiative mixed ° S8@nnual 0.10 ~0.04K
Brasseur et al. (1998) CT™M mixed SH winter 0.14 ~0.06 K
Kiehl (1999) radiative mixed 0.11 ~0.04K
Mickley et al. (2001) GCM mixed global annual 0.09 ~0.04K

A problem with sustaining high concentrations of HCHO detected, including products of chlorine and bromine reac-
during ODEs is that HCHO reacts rapidly with Br atoms, tion with ethene and propene (Keil and Shepson, 2006), halo-
thus as [@] gets low, BrQ repartitions to a higher fraction genated carboxylic acids in particulate matter (Narukawa
of Br and HCHO destruction increases via the reaction: et al., 2003), and diiodomethane and bromo-iodo-methane,

suggested to be produced from HOBr and HOI reaction with

HCHO + Br — HBr + CHO. (R24) organic matter in the sea ice/snow pack (Carpenter et al.,

Although reactive bromine chemistry may also produceZOOSa)' Itis thus clear thfat halogen chemistry has an impact

HCHO via the reaction (Wagner et al., 2002): on atmospheric composition that goes well beyond ozone and
' Hg depletion.

BrO + CHz00 — Br + HO2 + HCHO. (R25)

4.3 Effects on radiation and of radiation
The aircraft vertical profiles obtained during the TOPSE

campaign over the Arctic Ocean showed elevated HCHOTropospheric ozone depletion events change both short-wave
in the near surface layer, consistent with a snow pack/se&V and long-wave IR radiation balance at the surface. They
ice source (Ridley et al., 2003). The snow pack chlorineincrease the UV radiation reaching the lower atmosphere,
chemistry may also contribute to production of §HHO but the typical amount of ozone depletion is 30 nmol/mol
(Grannas et al., 2002), which is important sink for NGt in a thickness of 0.5 km, which is only 1% of the total col-
low temperatures, oxidation of GE&HO by Br leads to the umn abundance. Together with the small incident UV at the
production of PAN (Dassau et al., 2004). Michalowski et al. high solar zenith angles of the early spring, this decrease re-
(2000) suggested that the reaction BrO + HCHO might besults in little extra UV to cause damage either to organisms
important in the timing of on ODE as it shifts the speciation or humans. Similarly, there is a negligible increase in ac-
from BrO to HOBr and could therefore speed up the deple-tinic fluxes: at 10 solar elevation (80SZA), a decrease in
tion for Oz as more HOBr is available for heterogeneous re-ozone from 300 to 297 Dobson units increagéd'D) by
actions and BrO is part of odd-oxygen so by destroying BrO,1.5%, andj (NO) by 0.01% (calculated by the TUV model:
ozone is being destroyed. http://cprm.acd.ucar.edu/Models/TUV/).

Other OVOCs, such as acetone, are produced during ozone Ozone interacts with IR radiation and can be powerful
depletion events. Yokouchi et al. (2002) were the first togreenhouse gas. The size of the effect, however, is depen-
show the dramatic inverse correlation between acetone andent on the height of the concentration change. A change
ozone during ODEs. However, the work of Guimbaud et al.in ozone mixing ratio at the surface has negligible effects on
(2002) showed, through measurements and models, that tH& radiation, while an increase in ozone in the Upper Tro-
large (often as much as 500 pmol/mol) increase in acetong@osphere will cause a surface warming (Lacis et al., 1990).
concentrations during ODEs cannot be accounted for on théience, ozone-poor air mixed to the free troposphere may in-
basis of gas phase oxidation of the measured VOCs (e.gluce a regional cooling. The predicted radiative forcing of a
propane). Again, a contribution from the snow pack was in-3 DU change in tropospheric ozone is small (see Table 3). A
voked to explain the high concentrations during ODEs (seechange in the intensity of ODEs could alter the tropospheric
the companion paper of snow photochemistry, Grannas et algzone column, and thus give rise to a small climate feedback,
2007). which might be coupled to sea-ice conditions and thus feed-

It is also known that halogen-VOC chemistry can be de-back into further changes in ODEs. In this feedback, ozone-
tected through measurements of halogenated VOC oxidatiopoor air from depletion events, when mixed to the free tro-
products. A number of halogen-containing species have beeposphere, is currently causing a small regional cooling. If a
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reduction in sea ice occurred in a warming world, there might 500 — .
then be an altered frequency of depletion events which could cep n .+ Hooooaia | 1400
then affect the surface energy balance. Mixing of ozone- gt :

poor air to the lower free troposphere in Antarctica was ob- 00 et
served by Wessel et al. (1998) and Roscoe et al. (2001). This
0zone-poor air probably mixes to the upper troposphere be-
cause the ozone replacement time is long in air containing s
very little NO, such as that above the Southern Ocean. In §
these remote regions, the ozone production rate is less than
0.5nmol/mol/day in summer and even less in the reduced ]
UV of spring (Ayers et al., 1997). At a production rate of 100 4

— 1200

300 - %

ppt

[0 / gl

0.5 nmol/mol/day it takes over 30 days to recover to normal .._ Caloulated Steady Tia—Br/[cn [ 200

southern-hemisphere ozone values of 15—-20 nmol/mol. 0, ‘ State ‘HCHO ‘ ‘ 1,
As well as the effects of ODESs on radiation, there is also 0 10 20 3 40 50

an effect of UV radiation intensity on ODEs. Stratospheric Ozone, ppb

ozone depletion in polar regions causes enhanced UV radi-

ation flux at the surface. This radiation in the wavelengthFig. 20. Formaldehyde measurements and modeling during partial
region of 280—-315 nm strongly affects the photochemistry inODEs at Alert. Reprinted from Sumner et al. (2002), copyright
the troposphere. It increases photodissociation rates of tro2002, with permission from Elsevier.

pospheric ozone and other trace gases. As a consequence,

ODEs might occur more frequently or with greater extent or

depth. However, this effect remains to be quantified. L _
P g originating from an area with increased BrO as detected by

GOME. The combination of “spill-out” of BrO to lower lati-
tudes with frontal uplifting can lead to the transport of BrO-

Outside the polar regions, satellite observations show thdiCh air into the FT as indicated by the analysis of satel-
widespread presence of BrO in the troposphere with g|0|0a||te images in combination with back trajector|e§ (Holl\{vedel,
background tropospheric vertical columns of about 1_2095) and ground'based measurements combined with back-
3x 103 molec cnT2. These VCDs correspond to BrO mix- trajectory calculations (Frief? et al., 2004).

ing ratios of 0.5—-2 pmol/mol, if uniformly mixed in the tropo-
sphere (e.g. Van Roozendael et al., 2002; Pundt et al., 2002

Comparisons with balloon and ground based measurementgy,q g i cycle in the clean marine boundary layer is dom-

in mid and high northern latitudes, the diurnal variation of inated by the emission of dimethylsulfide (DMS) from the
ground based BrO column measurements as well as two di()cean Usually, OH and Ngare assumed to be the main ox-
rect measurgments of BrQ i.ndicated that the tropospheriqdams for DMS, where OH both adds oxygen to and abstracts
BrO was mainly located within the free troposphere. (Punqthydrogen from DMS and N§only abstracts hydrogen. The
etal., 2002, Van.RoozendaeI etal., 2002), see also d'SC“SS'Qprortance of the different initial products lies in the final
a_md references in von Glasow et al. (2004). Model CaI_CUI_a'products and the fact that only,BO, which is mainly pro-
tions show that these amounts of BrO would lead 1o signif-,.o in the abstraction pathway, can lead to the production
|cant0decrease|s n glOb?l zonal. meagl @:nlcentratlons of  of new aerosol particles whereas all other DMS products can
5-20% (von Glasow et al., 2004; Yang et al., 2005). only grow existing particles. As discussed in von Glasow

The polar regions may be a source of BrO to the free tropong crytzen (2004), the dominance of the addition pathway

sphere. There are two main transport pathways for BrO frome5y rasyt in cloud feedbacks that counter the increase of
the polar boundary layer to the free troposphere: 1) Rapid;|og albedo caused by DMS emission as proposed in the
vertical transport in association with convection from open¢q_called CLAW hypothesis (Charlson et al., 1987) as fewer
leads. 2) “Spill-out” and frontal uplifting. McElroy et al. ey particles are formed. The chlorine atom also adds to
(1999) have observed BrO in the Arctic free troposphere anth\;s hyt under ODE conditions this effect is probably less
argue that this is due to strong convection from open lead§mortant compared to the reaction of BrO with DMS. Based
caused by the very Iarg(_a tem.peratu.re differences of open sed, measurements by Barnes et al. (1991), Toumi (1994) sug-
water and the surrounding air. “Spill-out” of BrO clouds t0 gegteqd BrO to be a potentially important additional oxidant
lower latitudes is a feature that can commonly be observec?or DMS. The rapid reaction of BrO with DMS leads to the
in satellite images (Hollwedel et al., 2004; Hollwedel, 2005). oq4ition of oxygen to DMS and therefore to the above dis-
One such event was probably identified in the north Pacific,,ssed shifts in the final oxidation products of DMS
in O3 measurements aboard a commercial ship (Watanabe

et al., 2005) where very low was measured in airmasses BrO + DMS — DMSO + Br (R26)

4.4 Effects on bromine export to the free troposphere

§1.5 Effects on the sulfur cycle
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Global model studies have shown that BrO mixing ratios growth of these particles. Indeed, during ozone depletion
down to 0.5 pmol/mol in the marine boundary layer can sig-events, there is a reasonable negative correlation between
nificantly affect DMS on the global scale (Boucher et al., ozone and aerosols in the Qi range £=0.5), consistent
2003; von Glasow et al., 2004). Very high BrO mixing ratios not with production of new particles, but growth onto ex-
as present during ODEs would imply that DMS oxidation is isting small sulfate aerosol. This particle growth would be
dominated by BrO. This would both speed up the oxidationalso consistent with DMS oxidation by BrO and related par-
of DMS especially when OH and N{&oncentrations are low ticle growth (see Sect. 4.5) if DMS concentrations are high
and result in the above mentioned shifts in reaction pathway£nough.

and final products. It might resultin increased growth rates of In the Arctic, so far, no new particle formation events have
pre-existing aerosol particles but probably not in an increaséeen observed during ODEs, so it appears that most of the
in new particle formation as the yield of sulfuric acid is rel- products of chlorine atom reaction with VOCs remain in the
atively small and this acid is the only sulfur species that cangas phase, or undergo uptake into existing particles (or sur-
nucleate new particles(for more details see, e.g., von Glasoace deposition). Studies at mid-latitude sites have shown

and Crutzen, 2004) . (e.g. O’'Dowd and Hoffmann, 2005) that new particles can
be produced very efficiently under iodine-rich conditions so
4.6 Effects on aerosol production that there might indeed be halogen-induced particle bursts in

polar regions under some conditions. The presence of high
The change in oxidants during ODEs could lead to an in-10 concentrations in coastal Antarctica (Saiz-Lopez et al.,
crease of aerosol production, as long as there are appropria07hb) might explain the observation of Davison et al. (1996)
organic (e.g. aromatics, DMS) or inorganic (e.g..$Pre- of ultrafine particle events in the Antarctic.
cursors present which can be oxidized by Cl, Br, or BrO. An
intriguing question is if the coupling between ODE chem- 4.7 Effects on ice core chemistry
istry and long range transported anthropogenic pollutants
contributes to Arctic Haze and cloud cover, because radiaice cores play a very powerful role in the study of the Earth
tive impacts are very dependent on the aerosol type (Hu et alSystem because not only do they contain records of chang-
2005). Aerosols have been studied in the Arctic, starting withing climate, but also of changing atmospheric composition
the AGASP studies of the early 1980s (Radke et al., 1984(e.g. Wolff, 2005). These records include both stable trace
also see Sect. 1.2). During the Polar Sunrise Experimengases such as GHand CQ, (e.g. Etheridge et al., 1996;
1992, Staebler et al. (1994) examined relationships betweefiegenthaler et al., 2005; Spahni et al., 2005) and aerosol
aerosol size and number distributions and ozone, includinggompounds including sea salt ions (Wagenbach et al., 1998;
during ODEs. They found that accumulation mode aerosolRankin et al., 2002; Wolff et al., 2003;dlisberger et al.,
concentration was weakly negatively correlated with 0zone2003; Wolff et al., 2006).
in the dark period, but was less correlated after sunrise at Sea-salt ions such as Nare routinely measured in ice
Alert. The dark period is characterized by long range trans-cores, and indicate, to first order, the amount of sea-salt
port of haze aerosols to the Arctic region, e.g. from Eurasiaaerosol in the atmosphere above the site. Recent interpre-
Under these conditions, aerosols correlate well with,CO tations suggest that the primary source of the sea salt in the
PAN and other indicators of anthropogenic pollution. In polar regions may not be open water but instead saline sea
contrast, during April when ozone was periodically depletedice surfaces (including frost flowers, see Sect. 3.1). This re-
(with air mass origins from the Arctic Ocean), the small lationship might provide a possibility to study ODEs in the
particles were in fact well positively correlated with ozone, past. During the last glacial maximum, when there was cer-
i.e. when ozone was depleted, accumulation mode (0.07+ainly more sea ice and more sea salt in the atmosphere and
0.2um) particle numbers decreased. In contrast, larger parsnow (Wolff et al., 2003, 2006; Gersonde et al., 2005); it is
ticles (0.7—-12.m) correlated negatively with ozone. Indeed, interesting to ask how ODEs were affected. Bromide (Br
very large particles, most likely sea salt, were only observechas rarely been measured in ice cores, but if it is strongly
during ozone depletion events. The close positive correlatiorfractionated in some regions by halogen activation, then ice
of ozone with accumulation mode particles at Alert is mostcore studies in carefully chosen sites, could provide some
likely due to long range transport of haze aerosols (i.e. sul-additional information about the extent of ODE activity. On
fate) in air masses aloft of the marine boundary layer. Duringthe other hand, effects of ODEs on ice cores are probably
ozone depletion events at Alert, the air sampled representsmall, since these seasonal episodes of ozone losses are brief
relatively clean marine boundary layer air, with some asso-and mostly observed on the frozen ocean and at costal sites
ciated sea salt particles, explaining the negative correlatiorand not at the inland ice core sites that give the longest his-
between large particles and ozone. Unlike iodine, bromine igorical records. However, there are some secondary effects
not known to produce new particles, but it might contribute of elevated halogen species. For example, halogens play a
to particle mass. The peak in the surface area distribution isole in determining hydrocarbon concentrations in coastal
at ~0.2um diameter, and thus HBr adsorption could causeArctic and Antarctic regions. Although there has been little

Atmos. Chem. Phys., 7, 4375-4418, 2007 www.atmos-chem-phys.net/7/4375/2007/



W. R. Simpson et al.: Halogens and polar boundary-layer ozone depletion 4405

work to date on organic compound concentrations in ice,wide use of CFCs lead to a drastic decrease in stratospheric
this is clearly an issue to take into account if such studiesozone in polar regions. Connected with that is an enhanced
become feasible. Another important area is the study ofUV radiation flux at the surface. This potentially impacts on
sulfur compounds in ice cores. The ratio of methane sul-the photochemistry involved in ODESs; however, this has not
fonic acid (MSA) to non-sea-salt sulfate (nsiS(})derived been investigated yet.
from oxidation of DMS has been the subject of numerous ice  Another important influence is the effect of climate change
core studies (e.g. Legrand and Pasteur, 1998). Though thend global warming on ODEs. Polar regions, especially
mechanisms producing MSA seem to be more important athe Northern Arctic, are more affected by climate change
low temperatures (e.g. Bates et al., 1992), highest ratios irand have experienced a greater increase in temperatures than
Antarctica are usually found in summer. As suggested bylower latitudes (Serreze and Francis, 2006, and references
Toumi et al. (1995) and von Glasow and Crutzen (2004) re-therein). Higher temperatures directly affect the chemical
actions of halogens (especially BrO) with DMS may be im- reaction cycles through their temperature-dependent rate co-
portant, and lead to relatively greater production of MSA. If efficients. Significant changes in sea ice extent and thick-
halogen concentrations really control sulfur chemistry, thenness due to climate change are already being observed in the
ratios preserved in ice cores might be useful in diagnosingNorthern Hemisphere (Johannessen et al., 1999; Overpeck
the extent of halogen activation in the past. et al., 2005; Serreze et al., 2003; Stroeve et al., 2005; Serreze
and Francis, 2006; Holland et al., 2006, see also Fig. 21).
This seaice change is very likely to have an impact on ODEs;
5 Future scenarios of ozone depletion and open ques- however, the sign is difficult to discern due to lack of mech-
tions anistic understanding of the role of sea ice on ODEs (see
Sect. 3.1). Thinner winter ice may increase the probability
5.1 Anthropogenic influences and atmospheric change  for open leads and thus frost flower formation, which seems
to be related to bromine explosions (Kaleschke et al., 2004).
Tropospheric ODEs occur naturally and are not caused byAlso, thinner ice could enhance the availability of sea salts on
anthropogenic pollution. However, there are anthropogenidhe surface through increased capillary action. The extent of
influences that could change the frequency and intensity operennial sea ice, ice that has survived a summer melt season,
ODEs. When ODEs were first discovered, they were thoughthas declined 20% since the mid-1970s (Stroeve et al., 2005).
to be related to anthropogenic pollution known as Arctic In a warmer climate, an even larger fraction of ice would
Haze (e.g. Barrie, 1986). Later studies began to shift theirbe first-year ice, which is likely to be involved in bromine
view more towards influences of the frozen Arctic Ocean. activation (Wagner et al., 2001; Friel et al., 2004; Simpson
The finding that ODEs also occur in the much more pristineet al., 2007). These processes would imply an increase in the
Antarctic soon showed that they could happen without an-extent/frequency of ODEs. Warmer temperatures, however,
thropogenic pollution. For liquid systems, laboratory stud- may also decrease the probability of frost flower formation,
ies show a pH dependence requiring acidity for the releasavhich has been shown to be a strong function of temperature
of halogens following HOBr uptake on salt solutions (Fick- (Martin et al., 1995, 1996). Increasing temperatures could
ert et al., 1999). The freezing of these solutions appearsilso interfere with the temperature-dependent precipitation
to reduce or possibly eliminate the need for acidity (Huff of salts (see Sect. 3.1) affecting brine composition and pos-
and Abbatt, 2000, 2002; Adams et al., 2002), although thesibly leading to reduced ODE probability. In order to assess
mechanism for this change is not well understood and needthe sign of the effect of polar warming on ODEs, we have to
more study. A recent chemical model study (Sander et al.jmprove our mechanistic understanding of ODEs.
2006) indicates that an acidification of the snow or ice, al- Sea-ice models recently showed that the Arctic Ocean may
lowed by carbonate precipitation, accelerates the activatiorbe ice-free during the summer as early as 2040 (Holland
of halogens (see Sects. 1.3, 2.1, and 3.1.2). If acidity speedst al., 2006, see also Fig. 21). However, note that sea ice
halogen activation, it could provide a role for acid pollution during the ODE season (winter/spring) should still fill most
in affecting ODE intensity. In the Arctic, natural processes of the Arctic basin. This change could substantially bene-
like forest fires and pollution outflow from the industrialized fit shipping, perhaps opening the Arctic Ocean as a major
parts of the Northern Hemisphere provide humic material,trade route during summer/fall. Shipping could occur both
acidic aerosols, precursors of inorganic acidity (e.ge,2@d  along the North West Passage and the Russian Northern Sea
NOy). Sulfate aerosols, for example, might play a role in the Route. Consequently, this increase in shipping in the Arctic
halogen liberation process by acting as surfaces for hetero©cean could amplify the total burden of pollutants entering
geneous recycling and acid accelerated chemistry. Humig¢he Arctic environment from ports, ship operations, and acci-
material in snowl/ice is a likely source of many VOCs and dents. If fossil fuel is still the main power source, then ships
NMHCs and therefore plays a role in the chemistry on thewould deliver NQ, aerosols, black carbon, and NMHC to
snowl/ice surface and the boundary layer and therefore influthe high Arctic, possibly affecting ODEs through an increase
ences the development of ODEs. The production and world-of acidic aerosols and pollutants. However, the seasonality
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Fig. 21. (a)Northern Hemisphere September ice extent for a model (black), that model five-year running mean (blue), and the observed
five-year running mean (red). The range from the ensemble members is in dark grey. Light grey indicates the abripj &hentodel

(black) and observed (red) 1990s averaged September ice edge (50% concentration) and model conditions averaged over 2010—-2019 (blus
and 2040-2049 (green). The arctic region used in this analysis is in grey. Reprinted from Holland et al. (2006) with permission from the
American Geophysical Union (AGU).

of the shipping is nearly opposite from that of the ODES, sothe free troposphere has been observed in some cases (McEI-
mechanisms that store this pollution and re-deliver it duringroy et al., 1999) but needs to be quantified. If export of BrO
the ODE season, such as storage in snow and ice, are necadnes contribute to tropospheric BrO, changes in polar regions
sary to have strong effects of this pollution on ODEs. Pol-could have more global consequences. Also the transport of
lution of the Arctic through increased transportation, would O3 depleted air to lower latitudes is possible and would im-
have many additional effects, though, on biological systemspact the local radiative balance there (see Sect. 4.3) as well
snow pack photochemistry (Grannas et al., 2007), and iceas the chemistry, but has not yet been studied. Mercury de-
albedo climate feedbacks. A similar effect could result from position due to ODE-related halogen chemistry is of great
long range transport of pollution from the rapidly expanding concern for its ability to contaminate the Arctic ecosystems
economies in Asia and possibly also Russia. 1ziomon et al(see Sect. 4.1 and the accompanying mercury review, Stef-
(2006) showed that summertime pollution events in the Arc-fen et al., 2007). Any possible changes in ODE frequency
tic are dominated by outflow from Russia (40%) while South and strength resulting from climate change could therefore
Asia, Europe and North America each contribute 6% to thehave a strong impact on the bioaccumulation of mercury in

observed aerosol loading. the environment. So far, a quantitative assessment of these
points cannot be done, as we still lack important informa-
5.2 Global relevance of ODEs tion regarding the factors controlling ODEs, as outlined in

the following section.

While ODEs are episodic in nature when they have been ob- .

served at coastal locations on the fringe of the ice-pack, sateP-3  Open questions

lite images of BrO show that halogen activation is quite com-

mon in young ice areas across the Arctic (Wagner and PlattWhile a lot of progress in our understanding has been made
1998a; Richter et al., 1998c). The limited observations on thesince the first discovery of ODEs, many open questions re-
ice pack in the Arctic indicate that ozone concentrations aremain. The autocatalytic reaction cycle for bromine explo-
decreased on the majority of days during polar springtimesions consists of an initiation step, propagation, and termi-
(Hopper et al., 1994). Therefore, ODES have a significantnation reactions (see Sect. 1.3). We currently believe that
impact on tropospheric chemistry in polar regions. The usebrine-derived salts on ice surfaces (frost flowers, aerosols,
of polar ice cores to study global atmospheric processes higher snow) are key in controlling propagation, while meteo-
lights the need to understand local polar processes. Sulfurology is important in providing a somewhat “closed reac-
oxidation products in ice cores, for example, are used to distion chamber” through temperature inversions and affecting
cuss global aerosol issues, but the presence of halogens in pdispersion and termination of ODEs. However, the initia-
lar regions may influence the ratios of these oxidation prod-tion step is less well understood. Some possible initiation
ucts (see Sect.5). The magnitude of ODE’s influence on reactions that can start the bromine explosion are summa-
the larger global scale, however, remains to be determinedized by Sander et al. (2003a). One possible example is the
One possible impact could be long-range transport of BrOphotolysis of organohalogen species (see Sect. 3.3.2), which
to lower latitudes and a contribution to the BrO backgroundcould initiate bromine explosions that amplify the weak pho-
levels in the free troposphere (see Sect. 4.4). Transport ttolytic source. When considering propagation, an important
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question we have to ask is: Under what conditions is thethe ice, particularly near leads and frost flowers, are needed
bromine explosion cycle really “exploding”, i.e. when is the to determine the origin of reactive halogens. Better under-
production of new Br@fast enough to compensate for termi- standing of these sources is critical for meaningful prediction
nation reactions? This question is difficult to answer and theof how halogen activation may be enhanced or reduced by
maintenance of the autocatalytic bromine release cycle wilichanges in sea ice and temperature in the polar regions. Con-
depend on the availability of bromide, acidity, temperature,tinued exploitation of satellite remote sensing data combined
and other factors. with coordinated field campaigns using multiple platforms
Another open question is that of the role of ice and snowand long-duration measurements can provide key big-picture
surfaces in halogen activation (see Sect. 3.1). Salts, origiconstraints on the role of sea ice on halogen activation. Tow-
nally derived from sea water underlying the ice, are clearlyers or tethered balloons could be used to get more informa-
the source of the majority of the atmospheric bromine load-tion on the vertical distribution of chemicals. Airships could
ing, although many important aspects of the mechanism byprovide vertical information in addition to being able to con-
which this transport and chemical transformation occurs areduct Lagrangian experiments, where the life cycle of an ODE
still lacking. Specifically, how these salts are transportedwithin the air mass might be studied. Both techniques, of
from the water to the atmosphere is still being discussed. Theourse, are very challenging to be employed in polar regions.

site of halogen activation (on frost flowers, aerosol particles, satellite remote sensing data provides direct observations
or in snow paCk) is still an area of active research. AC|d|ty, of ha|ogen activation (eg measurements of BrO and |O)
a key prerequisite of ODE chemistry is also an issue. BothThese measurements continue to improve in data quality,
H* and HQ are consumed during bromine explosion reac- spatial and temporal resolution, and availability of ancillary
tions, so there must be sources to maintain halogen activatiogata sets. Clever combinations of multiple remote sensing
and ozone depletion conditions. An important question ingata sets have begun to probe relationships between BrO
this reSpeCt is: What is the effective pH of surfaces of SNOW,gnd Controning influences (eg sea ice’ temperature1 open
ice and frost ﬂOWerS, and how is it affected by the tempera'|eads/po|ynyas), however more Work iS needed to |dent|fy
ture dependent precipitation of alkaline salts like Ca@$®e  frost flowers, new sea ice, and open water areas. Future
Sect. 3.1.2)? work is likely to improve understanding of halogen activa-
The roles of chlorine and iodine in ODEs still pose many tion events and prediction of events. Also, satellite-observed
open questions. For example, how can the release of chlomeasurements should assist in making maps of the effects of
rine be explained quantitatively and how important is chlo- ODEs (e.g. ozone depletion and/or mercury deposition).
rine (photo)chemistry (e.g. affecting the fate of hydrocarbons ;4| studies are currently limited by both a lack of mea-

gurlng OD:S) ’ lVIOSI; ?[f trr:le eia”'er jt_ucg_es haVEiJOCiUSEd Msurement data for evaluation and missing data on reaction
romine cnemistry, but chiorin€ and 10din€ could also Con-y;,atics, in particular the temperature dependence of some
tribute and in some situations even be the dominant halogen ey reactions. Important areas of possible improvements in

In theSAr:tazr%tm,l h,'[?]h Zont_cenr:ratmns of lI_Okvt;/etr\(lev obsgrg_ed current models are the representation of aerosols which still
(see Sect. 2.3). In the Arctic, however, a link between io IN€;g oversimplified in some models and the representation of

?hnd bron:_me h?fhno_t z_een observed. (‘jl’helse flndlngshlegd e very shallow polar boundary layer. The eventual aim for
€ guestion of the lodine SOUrces and release MechaniSmy,ye|s should be to reproduce individual ODEs including
and if this link between | and CI has been overlooked in theknowledge of sea ice forms (e.g. frost flowers, snow), bound-
;Arcuct.or |f.|nlﬁor't:mtt.dlffe(rje£c$s et>.<|st between halogen in- ary layer inversions without constraining gas phase halogens

eractions In the Arctic and Antarctic. or the need for external start and end of the ODE.

Due to its large ecological impacts, the fate of mercury . .

in the polar environment is important. However, the spe- Laboratory studies are ”ee_ded to understand chemlstr_y

ciation of mercury at the snow-air interface is not well un- 2P0Ve frost flowers and other ice surfaces as well as the mi-

derstood. The chemical speciation of mercury may aﬁectcrostructural distribution ofympurme; on ice surfaces. Many

(photo)reduction processes and its bioavailability. 9f the rate constants used in modeling of the hf”"F’Qe” chem-
istry need better measurements and better definition of their

temperature dependence. Also, methods need to be devel-

oped to determine in-situ properties of ice surfaces, such as

Future research to address the open questions listed aboVae effective pH of ice surfaces.

have several components. One important aspect is the need |t is also vital to understand the transport and fate of at-
to perform in-situ measurements during ODEs to improvemospheric mercury. Field campaigns as well as laboratory
understanding of chemical mechanisms and constrain modeind theoretical calculations must continue to elucidate the
simulations. As discussed in Sect. 2, only a small fraction ofhalogen-mercury interaction and its potential global impact
the halogen compounds thought to be involved in the chairon the transformation of GEM to oxidized mercury with sub-
reactions has been detected in field measurements to dateequent deposition and ultimate potential bioaccumulation of
Direct measurements of halogen activation at locations ormercury in the environment.

5.4 Future needs and plans
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The importance of targeted field campaigns both in the Ar-peratures affect the formation of young sea-ice and the oc-
tic and Antarctic cannot be overemphasised for the study oturrence of ODEs? We need to develop models, laboratory
ODEs. The International Polar Year (IPY 2007/08) will be an methods, and field measurement techniques that will help us
exceptional occasion to bring together expertise and logistito answer these questions to understand fully the role of halo-
cal resources to perform large simultaneous field campaigngens in tropospheric ozone depletion in the polar regions.
that can provide answers to the most critical questions.
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