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Abstract. Sudden depletions of tropospheric ozone duringl Introduction
spring were reported from the Arctic and also from Antarctic
coastal sites. Field studies showed that those depletion eventeactive halogen species (RHS=Xp,XXY, XO, OXO,
are caused by reactive halogen species, especially bromindOX, XNO2, XONO,, where X, Y denotes a halogen atom)
compounds. However the source and seasonal variation dflay a well recognised, central and largely understood role in
reactive halogen species is still not completely understoodthe destruction of stratospheric ozone (e.g. Solomon, 1990).
There are several indications that the halogen mobilisatiornitially chlorine was investigated, however since the sug-
from the sea ice surface of the polar oceans may be thgestion of the BrO — CIO cycle by McElroy et al. (1986) and
most important source for the necessary halogens. Here w¥ung et al. (1980) and the subsequent detection of strato-
present a one dimensional model study aimed at determiningpheric BrO by Brune and Anderson (1986) and Solomon et
the primary source of reactive halogens. The model includesil. (1989) it is clear that reactive bromine species also con-
gas phase and heterogeneous bromine and chlorine chertribute considerably to the loss of stratospheric ozone.
istry as well as vertical transport between the surface and While it has been argued that the abundance of inorganic
the top of the boundary layer. The autocatalytic Br releasehalogen species should be small in the troposphere due to
by photochemical processes (bromine explosion) and subsevet removal of the water soluble species (e.g. HBr) in re-
guent rapid bromine catalysed ozone depletion is well reprocent years it became clear that reactive halogen species can
duced in the model and the major source of reactive brominglay a significant role also in the troposphere. In the mid-
appears to be the sea ice surface. The sea salt aerosol aloh®80s, sudden, complete boundary laygrd®pletion at po-
is not sufficient to yield the high levels of reactive bromine lar sunrise was observed by Oltmans and Komhyr (1986) at
in the gas phase necessary for fast ozone depletion. HowPoint Barrow, Alaska and by Bottenheim et al. (1986) at
ever, the aerosol efficiently “recycles” less reactive bromineAlert, Canada. During the depletion events ground-based
species (e.g. HBr) and feeds them back into the ozone de©s; mixing ratios decrease within hours from the mid-winter
struction cycle. Isolation of the boundary layer air from the mean of 30 to 40 ppb te:1 ppb (parts per billion denote vol-
free troposphere by a strong temperature inversion was foundme mixing ratio of 10°=nmol/mol throughout this paper).
to be critical for boundary layer ozone depletion to happen.The coincidence of the phenomenon with elevated particulate
The combination of strong surface inversions and presencéromine at polar sunrise was subsequently noted by Barrie
of sunlight occurs only during polar spring. et al. (1988). Since then ground-based, balloon and aircraft
observations have confirmed thaj @epletion in the surface-
based inversion layer over the Arctic Ocean is a widespread
phenomenon (e.g. Hopper et al., 1998; Rasmussen et al.,
1997; Solberg et al., 1996; Bottenheim et al., 2002).

As a common feature all observations of polar @ple-
tion events were made during the period mid-March to the
end of May when sunlight is present at high latitudes and
Correspondence tas. Honninger the Arctic Ocean is still frozen. This observation strongly
(Gerd.Hoenninger@ec.gc.ca) suggests that photochemistry must play a key role in the

© 2004 Author(s). This work is licensed under a Creative Commons License.



2428 E. Lehrer et al.: 1D model of halogen liberation and vertical transport

responsible reaction schemes. On the other hand sunlight During springtime large parts of the Arctic basin are sub-
is also present during summer and fall, but no or only veryject to ozone depletion. Satellite observations of tropospheric
weak ozone depletion is observed. BrO column densities (Richter et al., 1998; Wagner and Platt,

The vertical extend of @depleted air masses typically 1998; Wagner et al., 2001; Hollwedel et al., 2004) provided
range over the lowest 500 to 2000 m of the troposphere (Solfirst information about the extension of the regions where
berg et al., 1996; Tuckermann et al., 1997; Martinez et al.,0zone depletion is in progress. During spring areas exceed-
1999; Bottenheim et al., 2002). The downward mixing of ing 10/ km? (about 2% of the earth’s surface) might be af-
ozone rich air from aloft is mostly prevented due to strongfected at any given time.
temperature inversions at the top of the boundary layer. There are strong indications that similar surface d@-

An important step towards an understanding of the rele-struction also occurs at polar sunrise in Antarctica. Ozone
vant destruction processes was achieved with the detectiodepletion events during Austral spring were reported from
of enhanced levels of BrO during depletion events in polarSyowa, Neumayer Station and Arrival Heights (Murayama et
regions. In the Arctic BrO was observed by ground basedal., 1992; Wessel et al., 1998; Kreher et al., 1997). The tropo-
active and passive DOAS (Differential Optical Absorption spheric BrO observations via satellite measurements support
Spectroscopy; Platt, 1994) at Alert (Hausmann and Plattthe ground based measurements at Antarctica. It is interest-
1994; Hnninger and Platt, 2002) and at Myesund (Tuck-  ing to note, that the satellite measurements indicate that high
ermann et al., 1997; Martinez et al., 1999), in Antarctica BrO levels are restricted to coastal areas and the sea ice belt
measurements were made by passive DOAS (Kreher et alground Antarctica (e.g. Wagner et al., 2001; Hollwedel et al.,
1997; FrieB3, 2001; FrieB et al., 2004). Mixing ratios of up 2004).To date this process appears to have only few parallels
to 30 ppt BrO were detected simultaneous to complete ozoneutside polar regions (Platt anddHninger, 2003; Sander et
destructions (parts per trillion denote volume mixing ratio al., 2003). However, even higher BrO mixing ratios (up to
of 10-12=pmol/mol throughout this paper). Those results 172 ppt) were detected by optical absorption spectroscopy
strongly supported the theory of bromine catalysed ozone de(DOAS) in the Dead Sea basin during summer (Hebestreit et
struction in the polar troposphere. al., 1999; Matveev et al., 2001). Recently significant BrO

In particular it could be shown that there is no detectableabundances were also reported from Great Salt Lake, Utah,
gradient in the BrO concentration inside the atmosphericUSA (Stutz et al., 2002) and from Salar de Uyuni, Central
boundary layer. Simultaneous measurements by two activéltiplano, Bolivia (Honninger et al., 2004c). In addition, ev-
long — path DOAS instruments at Nflesund, one light idence is accumulating that BrO (at levels around 1-2 ppt)
path running horizontally at about 50 m above sea levelis also occurring in the free troposphere (in polar regions as
(Tuckermann et al., 1997), the other one from near sea levelvell as at mid-latitudes) (McElroy et al., 1999; Ferlemann et
(20 ma.s.l.) to 474 m altitude (Martinez et al., 1999) found al., 1998; FrieR et al., 1999; Fitzenberger et al., 2000; Pundt
no systematic difference in BrO. In addition, recent studieset al., 2000; van Roozendael et al., 2002).
employing MAX-DOAS (Multi Axis DOAS, Hinninger et
al., 2004a) also allowed to study the vertical profile of BrO
in the lowest kilometres of the atmosphere. It was shown2 The sources and effects of reactive halogen species
that the enhanced BrO during ozone depletion is confined to  (RHS)
the boundary layer (Bhninger and Platt, 2002;dhninger et
al., 2004b). Simultaneous active long-path DOAS and pas-A detailed discussion of the halogen catalysed ozone destruc-
sive MAX-DOAS measurements allowed an even better de-tion mechanisms can be found in various publications in the
termination of the vertical BrO profile. Excellent agreement literature, (see e.g. Platt anddkhinger, 2003). In brief, the
with long-path DOAS BrO mixing ratios was found for data mechanism of @depletion can be explained by catalytic re-
derived from MAX-DOAS column density measurements in action cycles where the catalyst (mainly Br atoms) reacts
case of a constant BrO mixing ratio over the vertical extentwith ozone forming BrO and © Br atoms are recycled in
of the boundary layer (Bhninger et al., 2004b). the subsequent self-reaction of BrO radicals or in a second

Despite several attempts CIO in the polar boundary layercycle via reaction of BrO with H@followed by photolysis of
was not detected unambiguously to date. Estimates based d#OBr. In contrast to processes in the stratosphere the McEI-
upper limits gained by differential optical absorption spec-roy cycle should only play a minor role in the troposphere.
troscopy (Tuckermann et al., 1997) and on calculations viaBromine atoms can be lost by reaction with formaldehyde,
Cl atom concentrations deduced from hydrocarbon destrucHO,, or olefins, yielding HBr. The BrO lifetime is controlled
tion patterns (Jobson et al., 1994; Solberg et al., 1996; Raby its photolysis and is approximately 100s. The calculated
macher et al., 1997, 1999), from determination by chemicalBrOy lifetime is by far too short to explain the destruction
amplification (Perner et al., 1999), or from measurements obf all ozone molecules within the boundary layer. With the
BrCl (Foster et al., 2001; Spicer et al., 2002) suggest ClOmentioned gas phase reactions only a few ppt of 0zone would
mixing ratios during depletion events of the order of a few be destroyed before bromine would accumulate as HBr. For
ppt. a complete ozone depletion a constant level of 20 ppt BrO
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for at least a day (or roughly 100000 s) is required. There—Table 1. List of input parameters
fore an efficient and fast halogen recycling from unreactive
HX to r-Br (reactive bromine) and r-Cl (reactive chlorine) is

necessary to obtain a complete ozone loss. Heterogeneous

Typ. Levels (total weight) of sea salt aerosol 0.4 3

) Br — fraction thereof (0.19%) 0.8-8 ngm
reactions on aerosol surfaces can account for such neces- Equivalent gas phase mixing ratio (a5°C) 0.2-2 ppt
sary halogen recycling (Fan and Jacob, 1992; Abbatt, 1994, 5, coned levels: 'up 0 30 ppt BrO

1995; Mozurkewich, 1995; Tang and McConnell, 1996; Vogt up to 80 ppt total Br
et al., 1996; Borken, 1996; Kirchner et al., 1997; Abbatt
and Nowak, 1997; Sander et al., 1997; Fickert et al., 1999;
Lehrer, 1999; Michalowski et al., 2000).

Although the mechanism leading t03_(depleti0n in the The role of HOBr within the bromine explosion mecha-
polar boundary layer can be well explained by catalytic ¢y- nigms is twofold: 1) HOBr drives the primary halogen acti-
ples_mvolvmg bromine (e:g. Platt andoHnlnger, 2003), 't yation out of the sea salt reservoir and 2) HOBr is respon-
is still unclear how reactive halogen species (RHS) 0rigi- sjhe for the autocatalytical recycling of HX on the surface

nally enter the gas phase. As discussed previously (Barrie €f¢ ,or050| particles. One Bis recycled via heterogeneous
al., 1988; Fan and Jacob, 1992; Tang and McConnell, 1996;

X reactions on aerosol surfaces roughly 30 times before it can
Tuckermann et al., 1997) two possible sources of RHS dury, o mote a new Brvia the primary activation process to the
ing Arctic spring are:

atmosphere. In other words about 3% of total HOBFr is avalil-
(i) liberation from sea salt either in the aerosol or on the@ble for the primary By production. The surface uptake of

Arctic ocean ice surface, or HOBr and subsequent heterogeneous recycling of r-Br was

found to be a prerequisite for ozone depletion (Lehrer, 1999;

(i) degrao_lation of orga_nqhalogen compounds of anthrojvichalowski et al., 2000).

pogenic or natural origin. HOBr is mainly produced by reactions of BrO with HO
Due to the relatively long photolysis lifetime of the most CH30, and R'G; (R'=0rg. group, except C4j. The produc-
abundant gaseous organohalogens (e.g. 3BEHCHBr; tion of HOBr therefore strongly depends on the availability
CHBCI) under polar springtime conditions, the latter of peroxy radicals R@(R=H, Ch, R’). The HQ, production .
source is unlikely. However, strong evidence has emergedr,ate must therefore excged the product|o_n of HBr. Assuming
which shows that atmospheric reactions involving oxidantsthat f_r:e reacl:t|on| of B”r m;h HC';'JO or oIelflrgjsbIeaEf to gt least
lead to auto-catalytic liberation of r-Br from sea salt reser- "¢ Q molecule, a rcan be recycled back to r-br.

voirs (sea salt containing by weight 55.7% CI, 0.19% Br, Any HOz, which is in excess, is available to promote new

and 0.00002% 1), that can be released to the atmosphere é)gomine into the destruction cycle by primary processes. The
gaseous reactive halogen species (e.g.Bb or BrCl). Pro- source strength of HCH; O2—R'Oz) seems to be a critical

posed reaction sequences involve \N&pecies (Finlayson- point for halogen activation. -
Pitts et al., 1990) HOBr (Fan and Jacob, 1992 McConnell 1he major production pathways for Ha@re initiated by
et al., 1992), HOCI, or other oxidants such ag3d (Wessel ozone and formaldehyde photolysis.
et al., 1997). However, measurements of N@ the Arc- .
. ) : h D+H 20H R2
tic seem to rule out nitrogen species (e.gQY) as the ox- Os+ hv (viaO'D + H0) — 20 (R2)
idant. In principle those processes should work at both segqy
: ) X H+CO— HO,+C R3
salt reservoirs: airborne sea salt aerosol particles and the sur- + = HO2+C0 (R3)
face of the sea ice. The differences and relative importanc(?_|
T X ' ) CHO+h 2H CO R4

of both reservoirs will be discussed in the next section. +hv = 2HO + (R4)

Several modelling studies (Fan and Jacob, 1992; Sander An estimation of the H@ production rate via this mech-
and Crutzen, 1996; Vogt et al., 1996), as well as Iaboratoryamsm (k10=4.7x10-7s1, branching ratio for OH pro-
studies (Abbatt, 1994; Fickert et al., 1999; Kirchner et al., 4 \tion from GD+H20 v=0 8<10-2- [H,0]=2.2x 10%6:
1997; Adams et al., 2002) indicate that autocatalytic Pro-[o,]=10%2 ’ : ' ' '
cesses via HOBr are responsible for halogen release:
HOBI + X oot H* — BrXgadX=Br,Cl) + H,0 (R1) 2.1 The primary halogen source: sea salt aerosol or sea ice

seasal

cm~3) provides 40 ppt H@ per day.

Once Bp or BrCl is in the gas phase it can be photol- While it is very likely that bromine liberation from sea salt
ysed rapidly to release halogen atoms, which subsequentlis the source of the observed BrO, no satisfying answer is
will start ozone destruction. This autocatalytic bromine re- presently available, whether the sea salt contained in the
lease mechanism resulting in an exponential increase of gagerosol or on the sea ice surface (or snow pack) is the source
phase bromine is referred to as “Bromine Explosion” (Platt of reactive bromine species during polar tropospheric ozone
and Lehrer, 1997 as quoted by Wennberg, 1999). depletion.

www.atmos-chem-phys.org/acp/4/2427/ Atmos. Chem. Phys., 4, 242102004
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Sander and Crutzen (1996) pointed out that liberationaerosol surface per ¢vof ground surface (Staebler et al.,
processes from sea salt aerosol might lead to ozone depld-999). In comparison the sea ice surface provides 1000 times
tion in the remote marine atmosphere. However, the sedhe reactive surface compared to the sea salt aerosol. Taking
salt concentrations in polar regions are lower compared tanto account that the sea ice surface is not flat, but may be
those at open sea conditions. Aerosol measurements at Ngovered by e.g. frost flowers it likely provides an even greater
,&Iesund/Spitsbergen (Langeirdier et al., 1999; Lehrer et reaction surface for halogen liberation.
al., 1997) provide typical concentration levels between 0.1 If all the bromine which is contained inside a 1 mm thick
and 1ugm 3 (see Table 1). The maximum concentrations brine layer of 100 psu was released to the gas phase as reac-
were observed in winter and early spring together with max-tive Br this would correspond to gas phase mixing ratios of
imum average wind speed. With an estimated atmospheritip to 55 ppb Br in the lowest 1000 m. This mixing ratio is 2
lifetime of sea salt aerosol particles of 2 days and under thevrders of magnitude higher than the observed levels of reac-
assumption that the liberation of reactive halogen moleculesive bromine during ozone depletion events. It is clear, that
by the above mentioned processes is fast compared to the rehe sea ice surface provides a nearly inexhaustible source. On
idence time of the aerosol, the observed sea salt concentrahe other hand — in the case of a surface source — transport
tions can account for up to few ppt of photolysable bromine.limitations between the phase boundary and the atmosphere
Impey et al. (1997) noted that aerosol alone is not sufficienthave to be taken into account.
to explain the high amounts of photolysable bromine mea- |n their multiphase model study of Arctic boundary layer
sured during ozone depletion. To explain the observed levelghemistry Michalowski et al. (2000) found that the mass
of BrO (up to 30 ppt) or total bromine (up to 80 ppt) halogen transfer rate of HOBr to the surface is critical and the limit-
release out of sea salt aerosol has to occur over a period Giig factor for ozone depletion rates in the boundary layer. In
more than one week. This is notin accordance with estimateghis study it was also shown that aerosol particles are needed
for the actual time period of an event of complete ozone de+to achieve fast ozone depletion.
pletion, which is in the range of 2-3 days (e.g. Sander et al., Several laboratory studies suggested that the HOX (X=Br,
1997). Cl) catalysed halogen mobilisation out of sea salt reservoirs

Although maximum sea-salt aerosol concentrations carequires a low pH of the reservoir. Fickert et al. (1999)
be several times the average levels the available amount qointed out, that below pH=6.5 sea salt solutions are very
aerosol bromine is at least one order of magnitude too lowefficient bromine sources. Therefore no liberation from the
to explain the observed BrO levels. Therefore it is unIiker ocean surface (pH:84) is to be expected_ Aerosol measure-
that sea salt aerosol is the primary source of reactive bromingnents in the Arctic provide very acidic conditions, indicated
in the polar troposphere and sea-salt deposits on ice havgy high sulfate concentration levels during Arctic Haze sea-
to be considered in addition. Thus the “well-mixed atmo- son (January—April). In Antarctica tropospheric ozone deple-
sphere” picture used in earlier modelling studies focussing onjon and elevated levels of BrO are observed at sulfate con-
the mid-latitude marine boundary layer (Sander and Crutzengentrations which are at least one order of magnitude lower.
1996; Vogt et al., 1996) cannot be correct for polar regions,However, although polar ozone depletion is believed to have
since these studies base on the assumption that all primaryatural causes, Arctic haze sulphate aerosols and gaseous
halogen species are already airborne. pollutants advected from Europe, Russia and to a lesser ex-

Tang and McConnell (1996) suggested that halogen lib-tent, North America may also contribute.
eration may be possible from halogen deposits on the snow There is only little information available on the pH of the
pack. The mobilisation out of the snowpack can help to re-fresh sea ice surface. Adams et al. (2002) performed labora-
activate bromine, which was scavenged by snow flakes ofory investigations into halogen activation out of frozen sea
aerosols and then deposited. However there is no reasoRg|t solutions. Their results, that frozen sea salt surfaces pre-
why the snow pack should serve as primary sea salt resefared from alkaline solutions, and non-acidified dry surfaces
vorr. both support activation, suggest that the requirement of acid-

On the other hand the fresh sea ice surface is known tqfication applies only to aqueous sea salt aerosol. This might
act as a huge reservoir of halogens (Perovich and Richterhe a simple solution why bromine explosion is also observed
Menge, 1994). The freezing process of sea water leads to gnder non-acidic conditions at the Antarctic sea ice belt.
thin liquid film on top of the sea ice surface. This brine so- |y symmary, presently there exists no coherent theory
lution is highly enriched in sea salt and reaches typical salinyhat explains all observed features of the “Polar tropospheric

ity values up to 100 psu (3 times the salinity of sea water;zone hole”, in particular there are the following open ques-
1 psu=1g sea salt per liter sea water). Also the growing ofijgns:

crystals, which were enriched in sea salt was observed. Wolff
and Martin (1998) suggested that frost flowers may serve as — Does the bromine come from sea-salt deposits or

source for sea salt aerosol at Antarctic coastal areas. aerosol?
Under typical Arctic conditions the vertical atmospheric
column over the lowest 1000 m contains #@n¥ of reactive — What is the role of chlorine?

Atmos. Chem. Phys., 4, 242744Q 2004 www.atmos-chem-phys.org/acp/4/2427/
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Table 2. Parameters of liquid phase reactions in the aerosol phas@able 3. List of chemical species in the model.
used in the model after Abbatt and Co-workers (Abbatt, 1994,
1995; Abbatt und Nowak, 1997; Waschewsky und Abbatt, 1998).
H* is the effective Henry constant, calculated for pH=5 using

Family  Species

H*=H (1+ s} py;. is the liquid phase dissociation constant 03 O
(1+ ). Duig quiep HOx  Ho0 OH HO, HpOp
andk!! denotes the second order liquid phase rate constant. NOx  Nj NO NO, NO3z HNO3 HONO HNOy PAN
VOC  CO CG CHy CoHg CoHs CoHg CoHp CaHg
HBr HOBr HCl HOCI HCHO CH;CHO CH;00 CH;00H CH;OH CH;CH,00
. CH3CHyO0OH CH;CO3 CH3CH,0
H* [ atm _11] 3X1°_86 L7x 1_0: 3X1066 L.7x 10: Br  Brp Br BrO HBr HOBr BrNO, BrONO,
Djig [em®s™7]  5x107°  5x107°  5x10~ 5x10™ Cly Cl, CI CIO OCIO CIOO HCI HOCI C40, BrCl CIONO,

5.0x10* (HBI/HOBr)  1.0x10°(HCI/HOBY)
2.0x108 (HBr/HOCI)  Not included (HCI/HOCI)

kII [M -1 S—l]

3.1 \Vertical transport in the model

— i i i ?

Why does it occur only in polar regions? The transport limitations between sea ice and lower tropo-

sphere are realized by defining a vertical model structure
and dividing the virtual boundary layer into 8 stacked ver-

tical boxes (see Fig. 2). The major assumption bases on a
boundary layer of 1000 m height, which is stably stratified

— What causes the event-like pattern of the occurrence ofNd topped by an inversion layer. The height of the boxes
ozone depletion? is growing from the surface in a logarithmic scale, with the
lowest box 0.09%m high and the top box 900 m high. The

To clarify these questions, we will discuss here available datdnversion situation above the boundary layer was represented

from field measurements and present one dimensional modéf the model by not allowing exchange between the top box

calculations of the key processes. Based on those results wad the layer above (i.e. free troposphere) in the base run of

present a consistent theory of the processes that gives satidie model.

factory answers to the above questions. Within each individual box all included species (compare
Figure 1 shows the general picture of bromine chemistryTable 3) are assumed to be well mixed and the exchange be-

including gas phase and heterogeneous reactions, but néwveen individual boxes was characterized by respecting tur-

— Why is halogen activation related to ozone depletion
only observed in springtime, i.e. after sunrise, but not
during summer and fall?

glecting chlorine chemistry for the sake of simplicity. bulent mixingK (z) as well as molecular diffusiop:
I =K@+ 2 @)
3 Model description Wt = ¢ Az

The presented model was developed with the aim to obWhereJ, ; is the upward or downward directed flux between
tain a quantitative understanding of the concurring libera-the boxes,A[X]=[X ;+1]-[X;] (i=number of box) the con-
tion processes from sea salt reservoirs at the ground and iéntration difference between neighbouring boxes aAnd
the aerosol and to help answering the question whether sei@e vertical distance between the centres of two neighbour-
salt aerosol or the sea ice surface is responsible for bromin#g boxes. In case of neutral stratification the coefficient of
release in the polar springtime troposphere. This was atturbulent diffusionk (z) is known to be a linear function of
tempted by including halogen activation processes from se&e€ightz. The used values fok (z) and D for all boxes are
ice and from sea salt aerosol into the model and by compargiven in Table 4.
ing the respective time scales of both liberation mechanisms. The concentration change for each bioper time step is
In the case of the sea ice surface the transport of the relevamialculated as the sum of the volume source stretiythnd
species between the upper part of the boundary layer and thiéae volume sinkD;, together with upward and downward di-
phase boundary to the sea ice has to be implemented into thected fluxJ; andJ, divided by the height; of boxi.
model.

The presented one dimensional model was written in FAC-d [X]; P — D+ Jy v Jr @
SIMILE developed by the British Atomic Energy Agency 4 ~ ' g I;
(FACSIMILE, 1992), which was previously also used by
Vogt et al. (1996) and Sander and Crutzen (1996) for theirP; and D; denote volume sources{) and sinks D;) by
box model studies. chemical (gas phase and heterogeneous) reactions.

www.atmos-chem-phys.org/acp/4/2427/ Atmos. Chem. Phys., 4, 242102004



2432 E. Lehrer et al.: 1D model of halogen liberation and vertical transport

Table 4. List of turbulent and molecular diffusion parametéf&) andD.

BoxNo Bottom[cm] Top[cm] Box height[cm] K(z) [cm?/s] D [cm?/s]

1 0 0.01 0.01 0.078 0.2
2 0.01 0.1 0.09 0.7 0.2
3 0.1 1 0.9 7 0.2
4 1 10 9 70 0.2

5 10 100 90 700 0.2
6 100 1000 900 7000 0.2
7 1000 10000 9000 70000 0.2
8 10000 100000 90000 700000 0.2

05 Destruction
Cycle {(6-10M)

Surface 08
Br +HOBr — B, +OH  Primary r-Br
Flies in . (OF+HDBr > BIOI+OH) e ghmany
Molec. cm’25’1 e,

Fig. 1. Scheme of bromine explosion with neglected chlorine chemistry. See text for details. The thickness of the black arrows indicate the
Bry fluxes.

3.2 Representation of the aerosol in the model According to Hanson et al. (1994) the uptake-coefficient

y is calculated as:
Aerosol particles can serve as substrate for heterogeneous re-

actions. The model includes the heterogeneous reactions of 1 -1

— 1 1 ARTH /| Dyigk;; a i
HOBr+Br—, HOBr+CI~ and HOCI+Br on aerosol surfaces. =4 ‘4 <coth(—) _ _) ©)
It is assumed that the recycling surface is provided only by Vspherical @ Utherm l a

sulfate particles, which contributes more than 95% of the to-

tal aerosol surface under typical Arctic springtime conditionsHere R andT denote the universal gas constant and the ab-

(Staebler et al., 1999). The typical parameters of the sulfatesolute temperature, respectively. The Henry-coefficights

aerosol were normalized according to the results of Staeblehave to be replaced by effective Henry coefficieAts The

et al. (1999) where=0.45.m denotes the aerosol radius,  first order liquid phase rate constadﬂ;’;q, and liquid diffu-

A=100 pum?cm3 the aerosol surface and sion coefficientsD;;, were taken from the work of Abbatt

V=10um?3cm~2 the aerosol volume. and co-workers (see Table 2). According to those studies an
accommodation coefficient=1 was assumed. Halogen up-
take was corrected for the curved aerosol surface by the last
term in the brackets of Eq. (3) with the help of the aerosol
radius a and the diffusive-reaction lengtk: %

lig

Atmos. Chem. Phys., 4, 242744Q 2004 www.atmos-chem-phys.org/acp/4/2427/
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OO0 Table 5. Constants for reactions used in the model, which are not
00m Ao lT — taken from Atkinson et al“(MOCCA Ice (Sander et al., 1997,
- (Borken, 1996)¢ (Barnes et al., 1993%, (DeMoore et al., 1997¥,
1om (Sander and Crutzen, 1996),(Aranda et al., 1997)). A summary
; Box, of all gas phase reactions is included as supplemental material.
m -
10em 4 CoH+03 — HCHO+CO 43%10°19 «
v aimsion CoH50+0, — CH3CHO+HO,  7.44x10715 4
Tem CoH50+0; —  CHgOp+HCHO  7.51x10717 4
1 mm CoH500H+OH —  CyH505+H20 8.21x10712 4
A vosr Hocl CoH500H+CI  —  CyH50,+HCI 5.70x10711 «
U Br, CoH500H+Br  —  CyHg0,+HBr 51910715 @
BiCl BrO+CHz0» —  Br+HCHO+HO, 1.60x10°12 f
Seaicesurface | BrO+CH0; — HOBr+HCHO  4.16107%2 f
s Br+CyHo — 2CO+2HQ+Br  4.20x10°14 &
Br cr Br+CoHo — 2CO+HOQ+HBr 8.92<10°14 °
Br+CoHy — 2CO+2HGQ+Br 252x10°13 ¢
Br+CyHy — 2CO+HO+HBr 5.34x10713 ¢
Fig. 2. Vertical structure of the model as used for the model calcu- Cl+C,H, — 2CO+2HQ+CI  2.00x10°11 b
lations. Cl+CyH, —  2CO+HQ+HCI  4.24x10°11 b
OCIO+NO —  NO,+CIO 2.44¢10718 d
_ Bry+Cl —  BrCl+Br 1.20x10°10
The thermal velocity v, for a compound of BrCl+Br —  Bry+Cl 3.30x10-15 ¢
molecular massm,gecule 1S Calculated according to Br+Cl, —  Brclcl 1.10x10-15 ¢
Viherm=,] —2L— BrCI+Cl —  Br+Cl 1.50x10-11 ¢

TMmolecule

The production rate of the di-halogen moleculgg1Br»
or BrCl) is calculated according to Schwartz (1986), with
X¢as being the limiting reaction partner (HOX or HX) in the
liquid phase.

The most important products of the heterogeneous HOX
d[Y ] d[X ] . 4 1 reactions at the sea ice surface are Bnd BrCl. Due to
<k QR e F ( + ) Asurface [Xgas) the small abundance of HOCI, the production of Glneg-
dt dt Dy VthermY ligible. Therefore the branching ratio betweer, Bnd BrCl
(4)  production plays a key role. The branching ratio of By
o o BrCl activation was chosen 40 to 60%, respectively. This ra-
Here, D, denotes the gas phase diffusion coefficient, tig is in accordance with the results of Kirchner et al. (1997)
which is set in the model to a typical value of 0.2¥8  and provides a very conservative assumption in regard to the
Asurface 1S the aerosol surface. An HOBr uptake coeffi- gygies of Fickert et al. (1999) and Adams et al. (2002). The
cient y=0.12 is calculated from Eq. (3) at gas phase mix-|atter found in their more representative experiments that Br
ing ratio of 10ppt HBr. Together with 10 ppt HOBr this s aimost exclusively produced by the primary production
corresponds to a HOBr loss rate (orzBroduction rate) of  hrocesses at the sea ice surface as long as bromide on the
1.8x10° molecules cm®s. surface is not significantly depleted. If the salt surface is

In the base run of the model sea salt aerosol as a primaryell aged and therefore depleted in bromide, BrCl release
halogen source was not considered. A variant of the modepecomes more important.

to test for the potential of the aerosol source is described in
Sect. 4.3.

3.4 Gas phase chemistry

3.3 Representation of the sea ice surface in the model

The gas phase species included in the model are listed in Ta-
The sea ice surface is coupled to the model by allowing ex-ble 3. Reaction rates were calculated assuming a tempera-
change between a sea salt reservoir and the lowest box of thterre of 258 K. Most of the reaction constants were calculated
model. Included are all reactions between HOBr and HOClusing the data published in (Atkinson et al., 1997). Reac-
and sea salt. The halogen content in the sea ice layer is asion constants which were not documented there are listed
sumed to be an inexhaustible source. The uptake coefficiertbgether with the literature citation in Table 5. A complete
of HOX onto the sea ice surface was choger0.06 after  list of gas phase reactions in the model is included as a sup-
Sander and Crutzen (1996). plement.
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\ [dO/dt],,, =7.6 ppb d’ O; [ppb]
40 \ —_
% £ . 40
3 —F
L20 § < 10
& 20 % : 0
< i} 0 5 10 15 20 25 30 35 40 45
L 10& = 5007 BrO [ppt]
£ 5]
£ 057 . 30
0 \ 0 -2 0.05 20
5 3 3% 40 45 ngj: 18
s o "5 10 15 20 25 30 35 40 45
0 5
: . _— . 500 HOBr [ppt]
Fig. 3. Basic run (initially 0.6 ppt of Br and Cl; SZA fixed at 8D = 50 5
— time series (day 25—day 45) of bromine species and ozone inside E ng . ?g
the top box (100-1000 m). D 0,054 -
(o) ] 10
< 5E-34
5E-4 ] 5
TR o 1 2 % 3 % 40 °
3.5 Photochemistr 0 5 10 15 5 5 40 45
Y 50 B [pp]
All presented runs of the model were calculated by assum- % Og:: Il 3
ing a fixed solar zenith angle (SZA=80 The photoly- S 0.054] [ 2
sis frequencies were calculated using the model @hRet 2 gEjz 2
al. (1996) and are listed in Table 6. A comparison of re- B5E-5 F——————1——1—1 0
sults with a model run under the simulation of diurnal and 0 5 10 15 20 25 30 35 40 45
monthly SZA variations provided no substantial difference time [days]
in time scale of ozone depletion and absolute concentration
levels of relevant species. Fig. 4. Vertical concentration profiles for ozone and bromine

species, according to simulation model basic run.
3.6 Initial mixing ratios

The initial mixing ratios used for the simulation are listed in  The maximum ozone destruction rate of 7.6 ppb per day
Table 7. The hydrocarbon mixing ratios are adapted to thds observed during the end of the depletion process. 90%
results of Ramacher et al. (1997). Initial bromine and chlo-of initial 40 ppb G are destroyed within 5 days. This value
rine mixing ratios are present in their molecular form, which lies in the range of previous assumptions but at the upper
guarantees via photolysis a rapid distribution into all gaseousnd of previous suggestions (compare Hausmann and Platt,
halogen species included in the model. The (unrealistic) as1994) and it compares well with a previous modelling study
sumption of equal amounts of bromine and chlorine in theby Michalowski et al. (2000) who also found ozone to be
model was made to compare the respective role of each haladepleted in~5 days.
gen. During the initial phase HOBr is the dominating bromine
species. Shortly after the onset of rapid ozone destruction
BrO takes over the role as major bromine species. With de-
4 Results and Discussion creasing ozone BrO production slows down and finally at
O3<2ppb, the probability of BrO production is negligible
The concentration records for ozone and the most importanéompared to the HBr channel. The maximum BrO levels of
bromine species are demonstrated for the model box repre20 ppt are comparable to field measurements at Alert (Haus-
senting the upper part of the boundary layer (100-1000 m) aghann and Platt, 1994; ¢tninger and Platt, 2002) and at
shown in Fig. 3. The onset of a fast ozone depletion occursSpitsbergen (Tuckermann etal., 1997; Martinez et al., 1999).
around day 35 of the simulation and within 5 days the ozone At the end of the depletion process all Br is accumulated
concentration drops to immeasurable low values. Other simin form of HBr. This was already suggested by Langaer
ulations with different initial halogen concentrations demon- et al. (1999) and supported by their aerosol measurements,
strate that higher or lower initial halogen concentrations re-where high levels of filterable bromide, possibly represented
sults in a shorter or longer initial period, respectively, but the by additional HBr, were found on aerosol filters.
time scale in which most of the ozone is destroyed remains This model run also provides information on the verti-
almost the same. cal gradients of the key species (see Fig. 4). The ozone
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Table 6. Photolysis reactions in the model and photolysis rates calculated for S2Asf&0 the model of Roeth (1996).

2435

My I J[s"]
0; - 0('D) 47x107 | H0, 2x10° | C,HsO0H 1.2x10°
Bro 1.4x10% | NO, 35x10° Cl, 8.5x 10
,NO; — NO, + O}14x10" .
Br, 2.1x10 L NO+O, 17x102 ClO 5.0 x 10
BroNO, 3.4x10™* | HNO, 4.4x10% | HOCI 8.6x10°
4 |HCHO —» CO + H, 9.6x10° S
HOBr 3.0x10 L CHO+H 55y 106  CIONO2 1.3x10
BrCl 5.7 x10® | CH,CHO 6.9x107 OCIO 3.6 x 107
BrNO, 9.3x10° | CH;00H 1.2x10°
Table 7. Initial mixing ratios of base run of the model.
Species ) Species [Xb  Species [X}
O3 40ppb CO 132ppb  §H,  600ppt
Bry 0.3 ppt HCHO 100ppt eHg 1.2ppb
Clp 0.3ppt CHCHO 100 ppt NO 5ppt
CHg 1.9ppm GHeg 2.5ppb NG 10 ppt
CO,  371ppm GHy 100 ppt

Fig. 5. Basic run (initially 0.6 ppt of Br and Cl; SZA fixed at 8D

concentration is distributed homogeneously inside the whole™ time series (day 25-day 45) of chlorine species and ozone inside
column throughout the depletion process. This is consistent’® ©oP box (100-1000m).

with findings from ozone soundings, which suggest that the

0zone concentration is almost constant within the boundary

layer (e.g. Bottenheim et al., 2002). 4.1 The role of chlorine

The simulated BrO profile (Fig. 4) suggests a small con-An important question in the chemical processes of ozone
centration gradient between the lowest meter and all layerglestruction is the role of chlorine atom chemistry. Unlike the
above, which is consistent with the fact that no significantStratosphere chlorine atom chemistry plays a minor role in di-
gradient was found above one meter during several field studtect destruction of boundary layer ozone. However, Rudolph
ies as discussed in the introduction. etal. (1999) suggested that chlorine atom chemistry might be

important for HQ production. Presently no method has been

According to our model appreciable amounts of, Br able to directly detect chlorine atoms. The best estimates of
should 0n|y be present in the lowest meter above the Seghlorine atom concentrations are deduced from the destruc-
ice (Fig. 4, lowest panel). While ascending from the phasetion patterns of specific hydrocarbons (hydrocarbon clock).
boundary up to the free atmosphere most of thgi8pho- ~ Rudolph et al. (1999) and Ramacher et al. (1999) found
tolysed within the lowest centimetres. The first measure-time integrated chlorine atom concentrations of%cnT 3.
ments of Bp and BrCl during polar sunrise 2000 by Foster With an assumed time period for ozone depletion process of
et al. (2001) actually confirmed up to 25 ppt,Bnd 35ppt 1 day this corresponds to a chlorine atom concentration of
BrCl, respectively at 125 cm above the snow pack. As the so1.2x10° cm™3 (2.3x10% cm™3 for 5 days).
lar zenith angle during these measurements was clos€to 90 The model results for chlorine species for the base run
photolysis is significantly slower resulting in higher concen- are shown in Fig. 5. The model provides maximum chlo-
trations of photolabile species. On the other hand almostine atom concentrations of xA0®cm~3 and integrated
all HOBr is consumed by reactions on the sea ice surfacechlorine atom concentration over the whole depletion pro-
Therefore HOBr mixing ratios in the order of several ppt cess of 1.%10°scn3. The chlorine atom concentrations
are observed only in the upper box (Fig. 4, second to low-in the model are at least one order of magnitude lower than
est panel). field observations suggest. The role of chlorine chemistry is
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40

40 " [dO/dt],,, =7.4 ppbd’
40
- 30
30
g
— a =]
2 g -20 5
‘o 20 & 209 By 72X 3
e 1 o1 \\ N | T e E
8§ Jewdo | VLV N0 | T 10
K=2x0* S~ |
0 7 — 0
K 15 20 25 30
days

0 . T - T - T -
0 2 ] >0 & 100 Fig. 7. Model run under the assumption of an additional halogen
Ul ol release out of sea salt aerosol (initially 0.6 ppt of Br and Cl; SZA
fixed at 80) — time series (day 15—day 30) of bromine species and
Fig. 6. Model results of ozone time series in the top box (100 M~ ozone inside the top box (100-1000 m).
1000 m) including turbulent diffusion of ozone of various strengths

from the free troposphere into the boundary layer (see insert).

5x10°cm? s no complete ozone depletion in the bound-

underestimated within this model. Therefore the loss of alka-ary layer appears. L
Therefore we conclude that complete ozone depletion in

nes due to chlorine atoms chemistry is only 1/3 of which is he boundary | v be ob dif diluti f1h
observed under Arctic conditions (Ramacher et al., 1999), "€ boundary layer can only be observed it dilution of the re-

) ) - . active bromine and down-mixing of ozone rich air from aloft
One possible reason might be the unrealistic low ini- . !
. . . " are prevented by a strong inversion at top of the boundary
tial chlorine concentration or the decomposition of organo- . .
. . . . layer. The standard simulation of the model does not allow
chlorine compounds which are not implemented in the

model. The consequences might be that peroxy radical for%l r;/;(/artransport across the top of the surface based inversion

mation due to chlorine atom reactions could be more im-
portant in reality, as suggested by Rudolph et al. (1999). .
However, the model results support the results of Fickert eft-3 Aerosol as additional halogen source
al. (1999), which concluded, that the observed levels of chlo-
rine atoms in the marine boundary |ayer are Very un"kely dueln Order to Study the I’Ole of aerosol in an additional mOde|
to chlorine activation out of sea salt via heterogeneous reactun it was assumed that sea salt aerosol production and the
tion of HX/HOX. In order to explain the observed levels of Subsequent deposition of those particles leads to a constant
chlorine during polar sunrise, clearly an additional chlorine Promine content in the aerosol equalling the amount con-
source is necessary as also noted by Grannas et al. (2002fined in 1ug m~3 sea salt. The production rates were iden-
Spicer et al' (2002) Concluded from the Comparison of theirt|ca| inside eaCh bOX. To Slmp|lfy the CaICUIations the sea Salt
Br,/BrCl measurements with modelled [CI)/[Br] ratios that aerosol halogen content was put into the model in its inactive
an additional sink for Br atoms or an additional source for Cl form either as HBr or HCI, respectively:
atoms has to be assumed.

However it is noteworthy that in our model additional HO 4 [HX] _ 1 1

. . . . . =+ [Hx]seasalt - [Hx]aq (5)

production by chlorine atom chemistry is not necessary in dt Taerosol Taerosol
order to explain the observed BrO levels and degree of O
depletion. The model results show that higher chlorine levelsThe first term on the right side of Eq. (5) describes the for-

are not a prerequisite for bromine catalysed ozone depletionnation of sea salt aerosol, the second term, the deposition of
HX, which is scavenged in the aerosol. [Hx]was calcu-

4.2 Role of boundary layer inversions lated over the phase ratio between liquid and gaseous fraction
of HX using effective Henry coefficients (see Table 2). The
Additional model runs allowing turbulent diffusion from the aerosol lifetimer,.,os01 Was assumed to be 2 days.
free troposphere into the boundary layer were performed and These assumptions might overestimate the influence of the
are summarized in Fig. 6. It is clear that significant entrain-halogen source strength due to sea salt aerosol. This is due
ment of ozone-rich air from the free troposphere preventsto the simplification that all fresh halogens which are trans-
complete ozone depletion in the boundary layer. While tur-ported via the sea salt aerosol into the upper layers of the
bulent diffusion coefficients up tox210°cn?s~1 only slow  boundary layer are transferred into the autocatalytic recy-
down ozone loss in the boundary layer, f&ir exceeding cling mechanism.
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Therefore the results of this modification shown in Fig. 7

- . . ozone [ppb]
indicate the maximum influence of the sea salt aerosol as 40
source. 20 ]
Under the same initial conditions as used in the standard ]
simulation, complete ozone depletion occurs after 25 days. 204 c
But no differences are observed in the amount of released ]
bromine and in the time scale of the last part of the depletion 10
process. ] D A
0 ¥ T ¥ T ¥ T ¥ T ¥
4.4 Comparison of different model runs 0 10 20 30 40 50
40 [TOTBITPRE A
To investigate in the importance of each individual step of
the bromine explosion cycle the base run (variation A — sea
ice surface sole halogen source) was compared to the other
model runs (Fig. 8): variation B: aerosol plus surface source 20 C
but halogen recycling on aerosol surface excluded; |
variation C: only sea salt aerosol as source for RHS imple- B
mented; o
variation D: sea salt aerosol plus sea ice surface as potential 0 10 20 30 40 50
halogen source. days

The fastest ozone depletion was obtained under the as-
sumption that both — the sea ice surface and sea salt aeroskig. 8. Comparison of ozone record and the mixing ratio of to-
particles — serve as source for reactive halogen species (Dyal bromine under different simulation conditions (A: only surface
However, the maximum rate of ozone destruction was notsource; B: no halogen recycling at aerosol surfaces; C: only aerosol
slower without the consideration of the aerosol source (A),Source; D: surface plus aerosol source). Only the top box (100 m—
but only a slower buildup of total bromine was observed, re-1000 m) is shown.
sulting in a lag in the rapid ozone depletion compared to case

(D). The amount of total gas phase Br within the boundary i i L
jration to trigger a bromine explosion is not necessary. For

layer at the end of the depletion process is almost equal fo ¢ initial he initial ph |
both assumptions (A and D). On the other hand halogen actiD-6 ppt of initial B and C}, the initial phase lasts 35 days.

vation out of sea salt aerosol particles (C) alone is by far too AS & critical point for the success of a bromine explosion
slow to account for a fast ozone depletion. the significance of pK6.5 for the primary sea salt reservoir

The importance of halogen recycling on aerosol particlesis not completely proven. There are indications that the sea

was studied in case (B). It clearly shows, that without han-SaIt aerosol might be sufficiently acidified. The conditions

gen recycling at the surface of aerosol particles (B) no expo of the sea ice surface are presently not well characterized.

nential growth of the bromine species can be obtained. Here we §uggest field experiments to .|nvest|gate in the ionic
composition of young and aged sea ice surfaces as well as

frost flowers.
Strong gradients in the lowest meter above the surface are
found for HOBr, Bp and BrCl, with the first species not at

all and the others exclusively observed in the lowest meter of
The presented model compared the role of the two concuryne atmosphere.

ring halogen sources: activation out of sea salt aerosol and |1 is demonstrated that halogen recycling at aerosol sur-

out of the sea ice surface. The model calculations togethef,ces is necessary to keep enough bromine in the active reser-

with information about typical sea salt aerosol concentra-yqir A bromine atom is recycled about 30 times before it can
tions in the Arctic boundary layer demonstrated that sea salt,tjyate a new Br atom via the primary processes.

f':\erosol is a minor source compared to the potential of the sea Prerequisites for a polar bromine explosion are:
ice surface source strength.
Halogen activation from the (brine layer on the) sea ice — Availability of sea salt surface (brine, dry salt, or possi-
surface as single source leads to an exponential growth of re-  ply frost flowers) on sea ice
active halogen species in the boundary layer. 90% of initial
40 ppb ozone are destroyed within the last 5 days of the de- — Sun light
pletion process. The duration of the initial depletion phase
depends on the amount of reactive bromine available at the — Strong temperature inversion at top of the boundary
beginning of the simulation. A Br or Cl threshold concen- layer

5 Conclusions
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