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Abstract. The role of halogen species (e.g., Br, Cl) in the ing the BrONG hydrolysis is dominant. A critical value of
troposphere of polar regions has been investigated since th@. 0004 of the uptake coefficient of the BrOMN@ydroly-
discovery of their importance for boundary layer ozone de-sis reaction at the aerosol and saline surfaces is identified,
struction in the polar spring about 25years ago. Halogerbeyond which the existence of N@pecies accelerates the
species take part in an auto-catalytic chemical reaction cyozone depletion event, whereas for lower values, decelera-
cle, which releases Brand BrCl from the sea salt aerosols, tion occurs.
fresh sea ice or snowpack, leading to ozone depletion. In this
study, three different chemical reaction schemes are investi-
gated: a bromine-only reaction scheme, which then is subse-
quently extended to include nitrogen-containing compoundst ~ Introduction, state of the art, and objectives
and chlorine species and corresponding chemical reactions.
The importance of specific reactions and their rate constantSince the 1980s, it has been reported that during polar spring,
is identified by a sensitivity analysis. the amount of ozone in the atmospheric polar boundary layer

The heterogeneous reaction rates are parameterized gjay decrease from the background value of tens of parts per
considering the aerodynamic resistance, a reactive surface r&illion (ppb) to less than 1ppb or even under the detection
tio, B, i.e., the ratio of reactive surface area to total groundlimit (Oltmans 1981 Barrie et al, 1988 1989 Oltmans et
surface area, and the boundary layer heighfy. Itis found @l 1989 Helmig et al, 2007 2012. The observed deple-
that for 8 = 1, a substantial ozone decrease occurs after fivdion time varies from several hours to days. During the ozone
days and ozone depletion lasts for 40 higgy = 200 m. For depletion event, a sudden release of halogen speciesyX, X
aboutg > 20, the time required for major ozone depletion XY, XO, HOX, where X and Y denote halogen atoms such as
([03] < 4 ppb) to occur becomes independent of the height ofBr and Cl) has been detected in both the Arctic and Antarc-
the boundary layer, and fgt = 100 it approaches two days, tic (Hausmann and Platt994 Kreher et al. 1997 Tucker-
28 h of which are attributable to the induction and 20 h to themMann et al. 1997 Honninger and Plat2002 Friel et al,.
depletion time. 2004 Wagner et al.2007 Liao et al, 2012 Stephens et al.

In polar regions, a small amount of N@ay exist, which ~ 2012.
stems from nitrate contained in the snow, and may have a Halogen species are involved in an autocatalytic chemi-
strong impact on the ozone depletion. Therefore, the rolec@l cycle, leading to ozone depletiowgyne et al. 1995
of nitrogen-containing species on the ozone depletion rate i§latt and Jansseri995 Platt and Moortgat1999 Platt
studied. The results show that the N@ncentrations are in- and Honninger 2003. The activation of halogens from
fluenced by different chemical reactions over different timethe aerosols or the ice surface by HOBr leads to a sud-

periods. During ozone depletion, the reaction cycle involv-den increase of bromine concentration in the air resid-
ing in the boundary layer; this process is called “bromine
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explosion” Platt and Jansseft995 Platt and Lehrerl997 without the liquid-like layer, on snowpacks or on brine lay-
Wennberg1999. Reviews of chemical reaction mechanisms ers. Most models apply empirically adjusted deposition and
describing the lower tropospheric ozone depletion are giveremission rates of the halogen species at the ice/snow sur-
by Platt and Honninge(2003, Simpson et al(2007), and  face Chen et al. 2007 Bloss et al. 2010. Laboratory re-
Abbatt et al.(2012). search ofHuff and Abbatt(200Q 2002 concerning the ac-

To date, a number of numerical studies have been contivation of Br, and BrCl on ice surfaces dt =233 K and
ducted with different degrees of physical dimensionality. 248 K suggests that the heterogeneous reaction between the
Since the 1990s, box models were used to capture the tengas molecules (HOBr) and the adsorbed compounds)(Br
poral evolution of the chemical species and to investigate thet the ice surface closely resembles a collision mechanism
recycling of halogen species on the surface of aerosol or icen the solid surface, which is of first order. This implies
covered by snowRan and Jacqli 992 Tang and McConnell  that the halide-ice reactive surface behaves more like a solid
1996 Sander et al.1997 Michalowski et al, 2000. More rather than a liquid layer in this temperature range, and the
recently, box model studieSéander et a]2006 Morin et al, transfer of the gas to the ice surface is the rate-determining
2008 Sander and Morif2010 focus on the role of calcium step. Recently, a quasi-liquid layer on snow/ice was stud-
carbonate precipitation in the triggering of bromine explo- ied (Boxe and Saiz-Lopge2008 Thomas et aJ2011 Toyota
sion. The coupling of HQ, NOy and halogen chemistry is etal, 2013, accounting for both the aqueous reactions in the
investigated byChen et al.(2007), Bloss et al.(2010 and liquid-like layer and the gas transfer between the ice/snow
Liao et al.(201]). In these box models, different scenarios surface and the ambient/interstitial gadbatt et al.(2010
have been investigated explicitly or implicitly to include the andOldridge and Abbat(2011) experimentally investigated
key heterogeneous reactions occurring at the aerosol surfadbe oxidation of bromide from frozen salt solutions, and their
or at the snow/ice surface. results also suggest the existence of a concentrated brine

Moreover, models with higher physical dimension were layer or a liquid-like structure on the ice surface.
developedLehrer et al.(2004 propose the primary source Even though these studies exist, presently insufficient re-
of the reactive halogens to be the sea ice surface by usingults are available on the analysis of a suitable chemical re-
a 1-D model. The coupled snow—gas phase chemistry is inaction mechanism. Little is known about the relative impor-
tensely studied byrhomas et al(2011, 2012 using a 1-D  tance of each reaction in the complex reaction mechanism at
snow—atmosphere model (MISTRA-SNOW) developed fromdifferent times, and the role of physical properties such as
the 1-D atmospheric boundary layer model MISTRAr{ the influence of boundary layer height, is not clear enough.
Glasow et al. 20023 b; von Glasow and Crutzer2004 Moreover, the present literature lacks a detailed discussion
Piot and von Glason2008 2009. In the MISTRA-SNOW  on how ozone depletion is altered by the presence of.NO
model, special attention is paid to the interaction betweenn order to address these issues, a photochemical box model
bromine- and nitrogen-containing species over snow covdis developed. The major focus of the present study is the
ered regions. The importance of the bromine reactivation orrelative importance of each reaction and how the key met-
aerosol and snow is also addressed. The snowpack is sugics such as the boundary layer height affect the timescale
gested as a potential source Bgyota et al.(2011, 2013 of the ozone depletion event. Thus, a simplified treatment of
using different models to analyze the air—snowpack interacthe heterogeneous reactions is adopted. It is assumed that the
tion. Zeng et al.(2003 2006 were the first to implement saline snow/ice surface is the source of the halogen species.
a 3-D model for the estimation of ozone depletion using The collisions between HOBr molecules from the overlying
BrO measurements from the satellite vertical column den-atmosphere and the saline surface determine the liberation
sity (VCD). Zhao et al(2008 propose that the aerosols from of Br, and BrCl from the surface back to the surroundings.
the frost flowers might be the major source of reactive halo-The heterogeneous reactions occurring at the aerosol sur-
gens using a global 3-D mod&dang et al (2008 2010 show  faces help to reactivate the inert halogen from the hydrogen
that in a stormy blowing-snow situation, the main bromine halides. The quasi-liquid layer on the ice surface is not taken
contribution comes from the blowing snow particles lifted into account in the present study. The following are the main
by the wind during the ozone depletion event. This is con-objectives of the present research.
firmed by the measurements @&dnes et al(2009 2010 in

the ozone depletion event is more or less likely to occur. In and reaction rates, and thus, identify the dominant re-

these models, the coupling of the bromine chemistry and the actions at different times during the ozone depletion
wind speed as well as the air temperature is parameterized  gyent.

and discussed in connection with the bromine explosion, the
ozone depletion, and the local atmospheric conditions.

The recycling of the halogens at the saline surface attracts 2. Analysis of the influence of the height of the boundary
more attention, since the chemical reactions involved may layer and surface properties such as the HOBr uptake
occur on different substrates such as the ice surface with or coefficient.
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3. Identification of the significance of each chemical re- species and reactions are added, and the third chemical re-
action and the transport features by a sensitivity anal-action scheme adds chlorine and chlorine containing reac-
ysis. tions to the extended reaction scheme. Details of the chemi-

cal mechanisms and the initial conditions will be given in the

4. Investigation of the role of NQand chlorine chemistry  results section.
on bromine release and ozone depletion. In the present chemical reaction mechanisms, the total

halogen loading in the atmosphere is determined by the het-
erogeneous reactions

2 Mathematical model and methods
ice/snow

, HOBr+H* + X~ ——— BrX + H»0, (R14, R129)
The present model consists of a system of homogeneous
chemical reactions, and it may be written in the form where Reaction (R14) refers to X=Br and Reaction (R129)
to Cl. These heterogeneous reactions occur at the sea ice sur-
dc . . .
= f(c.k) (1) face covered by snow. The inert halogen ions are activated
£

from the fresh sea ice, leading to an increase of the halogen
concentrations in the air.

Moreover, the liquid aerosols could offer a possible loca-
tion for the absorption of gaseous HOBr and Fsafder and
Crutzen 1996,

with ¢|,—o = co, wherec denotes the species concentration
column vector. Equationl] may represent complex chemi-
cal processe is the vector of the reaction-rate constants,
and ¢ denotes time. Solution of the stiff ordinary differ-
ential Eq. () is achieved using the software KINALT(- aerosol

ranyi, 1990, which is an open-source software programmedHOBr+ HX —— BrX 4+ Hz0, (R13, R128)

in FORTRAN language solving the discretized system of ) B i
chemical kinetic equations with a fourth-order semi-implicit Where Reaction (R13) refers to X=Br and Reaction (R128)

Runge—Kutta method. to CI. Here, active halogen species of BrX are reformgd from
HX at the aerosol surface before they are emitted into the
2.1 Sensitivity analysis surrounding environment.

It is essential to precisely parameterize the multiphase re-
In a complex chemical reaction system, it is difficult to see, action rates and their rate constants because of their high im-
which chemical reactions are more important than otherspact on the entire process. The following sections describe
However, this information is very useful to gain insight and a the present formulation for aerosols and for ice/snowpacks.
better understanding of the kinetic behavior. In this situation, ]
a sensitivity analysis is helpful to acquire a deeper knowl-2-2-1 Heterogeneous reactions for aerosols
edge about the chemical reactions system. An element of th

local relative sensitivity matrix can be written as Rccordmg toSchwartz(1986, the production rate of Br

molecules for Reaction (R13) is given as

dlng;
- 2 d[Br d[HOBr
7ink, @ el _ AP egHoBn 3)

wherec; is the concentration of thith species, and; is  with the first order heterogeneous reaction-rate constant
the rate constant ofth reaction. The concentration sensitiv-

ity matrix, S;;, is a function of time, and it represents the kres = (i n 4
effect of the change of th&th concentration caused by a Dy Vthermy
change of thgth reaction rate at different times. The matrix-

decomposed method/4lko and Vajda 1984 is embedded The ratioa/D, in Eq. (4) represents the molecular diffu-

S,‘j =

)_laeff- (4)

in KINAL to perform the sensitivity analysis. sion limit, wherea is the aerosol radius and, denotes the
molecular diffusivity in the gas phase. In the present model,
2.2 Reaction schemes D, =0.2cn?s™%, anda = 0.45um. The remaining contri-

bution on the right-hand side of Eqt)(accounts for the col-
The reactions are listed in the Supplement and the reactiofision frequency at the surface. The mean molecular speed,
rates are calculated at temperatire= 258 K and pressure  vgherm Of HOBr is given by viherm= ~/8RT /(w Mnogr),
p =1 atm. Reaction numbers in the following text refer to where Myog, is the molar mass of HOBIR denotes the
the table in the Supplement. Three different chemical reacuniversal gas constant, arfd is the absolute temperature.
tion schemes are studied. The first one concerns brominén Eqg. @), y denotes the uptake coefficient of HOBr on sea
as the only halogen species. The second reaction schensalt aerosols. Considering Ed) (it is seen that for aerosols
is an extension of the first one, where nitrogen containingwith low y, thermal collision-induced reactions are favored,

www.atmos-chem-phys.net/14/3771/2014/ Atmos. Chem. Phys., 14, 3BB7, 2014
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whereas in case of a high valuejofdiffusion is the limiting ~ wherex = 8m s (Beare et a].2006 is the wind speed,

process. andk = 0.4 is the von Karman constantdenotes the height
The surface-volume coefficientqs, is the ratio of the total ~ of the surface layer, which is 10% of the boundary layer
aerosol surface aredaerosol and the total volumey: height,z = 0.1 Lyix, andzp is the surface roughness length,
for which a constant value of 18 m is used for the ice sur-
Oeff = M’[ (5) face Stull, 1988 Huff and Abbatt 200Q 2002. Thus, the
4 value ofr, depends on the local transport properties wind

The evaluation of the value of the uptake coefficientand ~ SPeed and boundary layer height. The quasi-laminar layer re-

the surface-volume coefficientes, is needed to determine sistanceyy, represents the ability of molecular diffusion to

the rate coefficient of the heterogeneous Reaction (R13). transfer gas across a liquid-laminar layer above the surface,
According toLehrer et al(2004), y = 0.12 is obtained for ~ and it is given as;, = zo/D,. The resistance due to the re-

a gas mixing ratio of 10 ppt HBr. Details of this calculation @ction lossy., is expressed as/4vthermy). A constant up-

are given in Sect. 2 of the Supplement. If the aerosol particleg@ke coefficient of = 0.06 is taken afteBander and Crutzen

are assumed to be uniformly distributed, using the data pro{1998; this includes the assumption that"Hand halogen

vided byStaebler et a(1999, the aerosol volume fractionis 10ns are inexhaustible at the ice/snow surface.

calculated to equal T8 cm?® cm=3, and an effective aerosol  Lmix in Eq. (7) stands for the typical height of the stable

surface area of 1@ cn? is offered per cubic centimeter of Poundary layer. Typical magnitudes of the stable boundary

air volume, which yieldsres = 10~ cm=L. The first-order layer height observed in polar regions range from a near-zero

reaction-rate constant for Reaction (R13) can then be calcuvalue to over 1000 mStull, 1988, depending, for instance,

lated askr13 = 6.14x 10~4s~1 for the mixing ratio 10 ppt of ~ ©n the wind speed and the intensity of temperature inversion.

HBr. In the present model, different boundary layer heights of
Considering the chlorine containing mechanism in Reac-200 m (suggested Beare et al(2009 and used b§evans et

tion (R128), BrCl is produced via the corresponding het-al. 2003, 500 m (used byltmans et al.2012 and 1000 m

erogeneous reaction. Similarly, if the mixing ratio of HCI (used byLehrer et al.2004) are considered. The correspond-

is 10 ppt, the first-order reaction-rate constantkgfsg= ing deposition velocities for the three boundary layer heights
1.61x 10-5sL is obtained. are 0.605cms!, 0.536cms?! and 0.491 cm'st. These val-

ues are in a reasonable range for the HOBr deposition veloc-
2.2.2 Heterogeneous reactions for ice/snowpacks ity (Sander and Crutzei996 Adams et al.2002 Yang et

al, 2005.

For Reactions (R14) and (R129), in which the ice/snowpack g is introduced in Eq.7), defined as the ratio of the total
offers the possible reaction site, the change in concentratiofeactive surface area offered by the ice/snow surface and the

of HOBr yields flat surface area. For a flat surface of pure gequals unity.
However, considering the porous properties of the contami-
d[HOBI] .
— - — —k4[HOBI], (6) nated snow above the ice surface, larger surface areas may
dr be offered by the ice/snow surface. The physical structure of
where the deposition-rate constat, is the surface and its roughness may also increase the reactive
surface area, for instance, through frost flowers, because of
kqg= vd B. 7) their sharp angular featureR#nkin et al. 2002. The lifted
Lmix snow pumped by the wind near the surface may also increase

the total reactive surface area. Because of the uncertainty of

kq depends on the deposition velocity,at the ice/snow sur- ; X
faces, the typical height of the mixing layetmix, and the the reactive surface area offered by the saline surface, a pa-
’ ! rameter study is performed for a proper rangg of

total reactive surface area offered by ice/snow, which is con- - ) X i
If the chlorine mechanism is discarded, all HOBr

sidered through a reactive surface ratio coefficigntThey lecul i he ice/ ¢ d
are specified as follows. molecules residing at the ice/snow surface are converte

vg can be written as the sum of three resistances: the aerd?t© Efz thrtc;_ugh Regctlon 1(51‘:1)' and the Bis emitted
dynamic resistance,, the quasi-laminar layer resistaneg, Into the ambient air. Fof = 1.0, the reaction-rate constants

: —5 1
and the surface resistaneg(Seinfeld and Pandj4998, kr1s for R_esacygn (R14) are Eglc_ullated af3x 1057,
1.072x 10 °s ~and 491x 10° s~ for the boundary layer

va= (ra +1rp+ rc)—l. (8) heightsLnix = 200 m, 500 m, and 1000 m, respectively.
However, if the chlorine mechanism is added, reaction

The estimation of the values for the deposition velocity is

taken following the work oHuff and Abbatt(200Q 2002. HOBr+H*™ +CI-

The first contributionr,, describes the resistance of the tur-

bulent transport to bring the gas from the atmosphere dowrcompetes with Reaction (R14) for the HOBr molecules,

to the surface, and it is approximated aik 2)(In(z/z0))?, and the reaction-rate ratioKgr,/Brcl = kr14/ kr129, Of

snow/ice
_—

BrCl + H,0 (R129)

Atmos. Chem. Phys., 14, 37713787, 2014 www.atmos-chem-phys.net/14/3771/2014/
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Reactions (R14) and (R129) determines the formation ratiorable 1.Emission fluxes from the snow.
of Br, and BrCl molecules through the heterogeneous acti-

vation from the ice/snowpack. The value B, srci varies Species Emission rates
between 0.8 and 1.4¢ster et a].2001). Michalowski et al. [molec. cn2s7Y)
(2000 found that the ozone depletion rate is very sensitive to NO 1.6x 107

the production-rate ratio of Brand BrClI. Therefore, the re- NO, 1.6x 107
lation between the production-rate ratio and ozone depletion HONO 1.6%x 107
time is investigated in the present study; the default value is H,0, 1.6x 108
taken to be unity. HCHO 6.0x 107

2.3 Photolysis reactions

) ) ) Table 2. Initial gas composition (ppm is parts per million, ppb is
The photolysis reaction rated, are evaluated by using a parts per billion, ppt is parts per trillion).

three-coefficient formula, where the surface albedo equals

unity (Réth, 1992 2002): Species Mixing ratio
J = Joexp(b[1—sedcy)]). (9) O3 40 ppb
x denotes the solar zenith angle (SZA), and the coefficients Egr Oo(ﬁ Eg;
Jo, b, and ¢ are determined from the data at= 0°, 60, '

. CHgy 1.9 ppm
and 90. The values of these coefficients for photolyzable co, 371 ppm
compounds are listed in the Supplement. In this model, the co 132 ppb
average photolysis reaction rates are used under the condition HCHO 100 ppt
of a SZA of 80. It is found that the variation of SZA has CH3CHO 100 ppt
little effect on the temporal evolutions of mixing ratios of the CoHs 2.5ppb
ozone and halogen species (see Sect. 3 of the Supplement). CoHa 100 ppt

In the next section, results of the numerical computations CaHa 600 ppt
are presented with emphasis on the different chemical reac- E%HB 1.25pplct>
i pp
tion schemes presented above. NO, 10 ppt
Cl, 0.3ppt

3 Results and discussion HCI 0.01 ppt

H,O 800 ppm

First, the chemical reaction mechanism without anyyNO
and chlorine-related reactions is analyzed. The chemical re-

action scheme involves 55 chemical reactions (R1-R55) pre- The initial mixing ratios of gas-phase species are listed in

sented in the Supplement) and 30 species. This mechanisimaple2. The prescribed initial triggers of bromine species in

will be referred to as “bromine-only mechanism” in the re- the air are 0.3 ppt Brand 0.01 ppt HBr. This small amount

mainder of the paper. of bromine could originate from the degradation of natural
In a second step, 31 reactions (R56—R86) and 9 nitrogenorganoha|ogen compounds, for instance CHBrang and

containing species are added in order to investigate the efyicConnel| 1996. Species not listed in TabRhave an ini-

fect of NGO, species on the ozone depletion. It is assumediial mixing ratio of zero (except for natural air).

that the same values for the uptake coefficignt(0.06) are The following subsections concern the presentation and

taken for the NQ-related heterogeneous Reactions (R83),discussion of the results of the three above-mentioned chem-

(R85), and (R86). Since NQis converted to peroxya- ijcal reaction schemes for the ozone depletion.
cytyl nitrate (PAN), which photolyzes very slowly, fluxes

of nitrogen-containing species produced from the snow are3.1  Bromine-only mechanism
added to the model, they are listed in Tablérhe emission
rates of NO, NQ, H2O2, and HCHO are estimated based on Figurel displays the mixing ratios of the relevant species as
the measurements hjones et al(200Q 2001, andJacobi  a function of time for three different boundary layer heights
et al. (2002, and the production ratio of HONO and N® of 200m, 500 m, and 1000 m, and Fig.shows a column
unity (Grannas et al2007). The photolysis of nitrate in the presentation of the top panel in Fig. It can be seen that
snowpack is assumed to be the major source of the nitrogemzone depletion starts after 5 days and lasts for about 40 h
containing fluxes. for a 200m boundary layer thickness. Before day 5, little
Finally, 49 chlorine-related reactions (R87—R135) andozone is consumed. At this early stage, the mixing ratios
10 chlorine containing species are added to the extended resf HOBr and BrO show an exponential growth; these two
action mechanism. species constitute the majority of contributions of bromine

www.atmos-chem-phys.net/14/3771/2014/ Atmos. Chem. Phys., 14, 3BB7, 2014
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Fig. 2. Temporal evolution of the mixing ratios of ozone and
?& 150 bromine using the bromine only mechanism for a boundary layer
= i height of 200 m.
& -
g 100 B
T i which increases to its maximum value of about 160 ppt. This
g s0f large amount of Br then is removed by aldehydes (for in-
o) | stance HCHO and C4#CHO) in the natural air, forming HBr.
@ I At the end of the depletion event, a high level of HBr is left
@ 00 0 20 — 30 in the air, which is confirmed by the aerosol measurements
Time [days] of Langendorfer et a(1999.
b) Considering the temporal behavior of the species as dis-
= 80 cussed above, the whole ozone depletion process may be di-
I . vided into three time periods. At the beginning of the event,
:—'5, I the gaseous halogen mixing ratios in the air are low, only
'f_ 60 a small fraction of ozone is slowly consumed - this period
ol Z may be called “induction stage”, in which the ozone deple-
T 40F tion rate is less than 0.1 ppbh This period is followed by
g - the “depletion stage”, where a large amount of inert halogens
S 20 are released by frequent collisions between the saline surface
) i and HOBr molecules in the air. The ozone in the atmospheric
@ ol boundary layer is severely consumed at this stage, and the
0 10 27?me [dayi? 40 50 depletion rate is higher than 0.1 ppbth In the last time pe-

riod, the “end stage”, the mixing ratio of ozone drops to val-
©) ues below 10% of its original value (4 ppb in this study).

Fig. 1. Time variation of the mixing ratios of ozone and bromine The remaining halt_)gen Sp.eCIeS a_re hydrogen halides, and
using the bromine-only mechanism for a boundary layer height ofthe total halogen mixing rgtlo remains almlos_t. constan_t. Fora
(a) 200 m,(b) 500 m, and(c) 1000 m. 200 m boundary layer height and 0.3 ppt initiabBhe “in-
duction stage” and the “depletion stage” last for 5.1 days and
1.8 days, respectively. For a reduced value of 0.1 ppt initial
Br, mixing ratio, the “induction stage” is prolonged, and for
species. Due to the existence of ozone, the Br atoms are ira higher initial value of 0.5 ppt it is reduced, whereas the du-
stantly converted to BrO and, thus, they can hardly be ob+ation of the “depletion stage” is hardly affected. Thus, it is
served at this time. As the mixing ratio of HOBr increases, aconcluded that the ozone depletion is caused by the activated
large amount of reactive bromine is released from the salindoromine from the sea ice surface, whereas the initial bromine
surface, leading to an explosive increase of the total bromineserves as a trigger to the ozone depletion event.
loading and a rapid decrease of ozone in the atmosphere. Af- WhenLix is increased to 500 m and 1000 m (see Hiy.
ter 6 days, BrO builds up to reach a peak level of 60 ppt, anct), the depletion stage is retarded to start after 15 days
then it rapidly decreases. When the mixing ratio of HOBr and 30 days, respectively, and its duration is extended to
increases to its maximum value of about 65 ppt, the ozoneabout 3-5 days. The principal profiles of the mixing ratio of
mixing ratio falls below 1 ppb. Thereafter, the mixing ratio of bromine species are similar to those for the 200 m boundary
HOBr falls rapidly, the mixing ratio of the Br atom abruptly layer height, but the peak values are considerably lower. The
builds up to be the main constituent of the bromine loading,maximum values of the mixing ratio of BrO are in the range

Atmos. Chem. Phys., 14, 37713787, 2014 www.atmos-chem-phys.net/14/3771/2014/
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Table 3. List of ozone-relevant reactions (type F: ozone formation;

type D: ozone depletion).
Reaction No. Type
g |
g | O3+ hv — O(1D) + O, (R1) D
o i l‘ ———— No lce, Aerosol \ O(lD) +02— O3 (R2) F
1ok | T dsmetie A | Br+ O3 — BrO+ 0, (R4 D
i - T00mBL No Aerosal ©
B ll _— - :ggmgtxoﬁeroso: \\ BrO+ hV —2) Br+ 03 (RG) F
Py S A N iy S OH+ O3 —> HO» + Oy (R26) D
0 10 20 30 40 50 0,
Time [days] OH+ OH — HyO+ O3 (R29) F
HO, + O3 — OH+ 20, (R30) D
Fig. 3. Effect of the heterogeneous reaction rates on the ozone de- CoHg+0O3 - HCHO+CO+HO (R36) D

pletion time.

reactions are displayed, and in the bottom panel the rates
of 30—40 ppt compared to 60 ppt fdmix =200 m. The re-  for ozone depletion reactions are depicted in reverse verti-
sults for a 1000 m boundary |ayer he|ght may be Compared:al axial direction. DUring the ozone induction Stage before

with the measurements and simulations.iafo et al.(2012), day 5, the fastest ozone formation reaction is Reaction (R2),
who found that the mixing ratio of BrO lies between 20 and Whereas the fastest depletion reaction is Reaction (R1). Most
30 ppt and HOBr around 20 ppt. of the ozone molecules are involved in this reaction pair dur-

In order to evaluate the role of the activation process foring the induction stage. After the initiation of ozone depletion
different types of surfaces, exploratory simulations turningat day 5, the most rapid ozone consumption occurs through
off the activation processes on the aerosol and/or at théhe reaction pair consisting of the formation Reaction (R6)
ice/snow surface are conducted. The results of the simula@nd the depletion Reaction (R4). This reaction pair is about
tions are presented in Fi@ for three different values of two orders of magnitude faster than the Reaction pair (R1)
boundary layer height. It is seen that both the activation pro-and (R2) in the depletion stage.
cesses at the ice/snow surface and the aerosol play a signifi- Although most of the ozone molecules are involved in the
cant ro|e' since each of them lead to Strong]y enhanced ozon%lstest reaction pairs mentioned above, it is the difference of
depletion. The existence of the ice/snow surface is the majoformation and consumption of these reaction pairs causing
factor to activate ozone depletion, and the aerosol activatiorihe 0zone depletion. Therefore, it is interesting to investigate
leads to further acceleration of the ozone depletion, becausthe contributions to the total ozone destruction by various
the total halogen loading in the atmosphere is determined by€actions and reaction pairs at different time steps. Figure
the activation at the ice/snow surface, and the heterogeneou10ws the instantaneous contributions to ozone depletion at
process on the aerosol surface helps to reactivate the halogély 2 within the induction stage and at day 6, which is during
stored in hydrogen halides. The simulations show that for &he depletion stage. In the induction stage, although most of
boundary layer height of 200m or higher, the ozone deplethe 0zone molecules are involved in the Reaction pair (R1)
tion event will not happen if either aerosol or ice/snow sur- and (R2) as discussed above, it is seen in the top panel in
face activation is turned off. Thus, both activation processed-ig- 5 that the largest ozone consumption occurs through
are needed for a boundary layer higher than 200 m. Since the
typical height of the stable boundary layers measured in pola}'|02 +03 > OH+20,. (R30)

regions vary from 100 m to 500 nsull, 1988, the remain- In contrast, during the depletion stage (cf. F), most

der of the study concerns a boundary layer height of 200 m. .
. . . N . of the ozone molecules are consumed through the difference
The reactions directly affecting the ozone mixing ratio are .

listed in Table3. Note that the complete mechanism is pro- In reaction rates

vided in the Supplgment. Reactions (RZ), (R6), and (R29)Br+03—> BrO+ O, (R4)
cause ozone formation, whereas Reactions (R1), (R4), (R26),

(R30), and (R36) lead to ozone depletion. The temporal evognd

lution of these ozone-relevant reaction rates are plotted in

Fig. 4 in logarithmic scale for the case of a 200 m boundary BrO + xv Oz Br+ Os. (R6)
layer height. The relevance of these reactions is discussed

below in connection with the sensitivity analysis, which re- The difference in reaction rates of Reactions (R4) and (R6) is
veals that the reactions discussed here have a high relativdue to the higher Br mixing ratio during the ozone depletion
sensitivity and therefore dominate the entire process undestage. The increase of the Br mixing ratio is mainly attributed
consideration. In the top panel of the figure ozone formingby the BrO/BrO self-Reaction (R7). This is confirmed by the

www.atmos-chem-phys.net/14/3771/2014/ Atmos. Chem. Phys., 14, 3BB7, 2014



3778 L. Cao et al.: Ozone depletion and halogen release in the polar troposphere
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& Fig. 5. Instantaneous contribution of various reactions and combi-
£ 10° nations of reactions to ozone depletiorfa@tday 2 (induction stage)
2 .
§ and(b) day 6 (depletion stage).
(] 1011 L L L L 1 L L L 1 L L L
=0 10 15 . .
Time [days] to have a good knowledge of the chemical reaction-rate con-
(b) stants of these reactions because of their dominance of the

ozone depletion mechanism. Moreover, the sensitivity anal-
Fig. 4. Temporal evolution of ozone-relevant reaction rates in aysiS may be used to develop a skeletal chemical reaction
200 m boundary layer heighta) formation,(b) depletion. Note that  scheme in removing chemical reaction steps without losing
areverse direction of vertical axis is used in the bottom panel.  the principal features of the characteristics of the process un-

der consideration. The sensitivities vary with time and chem-

ical species. The reactions with the lowest average sensitiv-
ity can be removed from the mechanism without significant

resu!t displayed in Se'ct. 4 of the Supplement showing thechange in the modeled results of the temporal evolutions of
fractions of Br production at day 6.

In the present study, the relevance of different chemicaMm*ing ratios of the chemical species. The process for the

. S . ... reduction of the chemical reaction mechanism to a suitable
reaction steps is discussed in the framework of a sensitiv-

ity analysis (see E), which is used to reduce the present skeletal scheme is described Ggo and Guthe{f2013.

: . o~ . The temporal evolutions of the sensitivity of the ozone
mechanism to a skeletal reaction scheme for application N, ncentration for the boundary laver heighisy., the saline
3-D simulations Cao and Guthej2013 2014). ylay pix;

Figure6 shows the instantaneous relative sensitivities forsurface uptake coefficient, and the reactive surface ratio,

ozone and BrO at day 6, which is the time when major ozoneﬁ’ are displayed in FigZ. When the depletion process starts

depletion occurs. Red and blue bars show the sensitivity Coielfter 5 days, the absolute values of these sensitivities increase

efficients for BrO and for @, respectively. They have oppo- sharply and peak at about day 7 (cf. Fily. The sensitivity of

o : . . .y is smaller compared to the other two parameters, since col-
site signs, since ozone is destroyed/formed as BrO is built. . T .
i . ision kinetics is less dominant compared to the transport of
up/consumed, where a negative sign corresponds to deple;

tion. Reactions (R4) and (R6), which constitute the fastest[he air at the ice/snow surface. Since all the physical proper-

) . : o es considered here affect the ozone depletion through the
ozone reaction pair as mentioned above, have a high impa . o
X : eterogenous reactions, it is demonstrated that the hetero-
on the ozone and BrO concentrations. HOBr production an

destruction reactions, (R9) and (R10), are important Sincegeneous I|be_rat|on process is very important throughout the
S . L . 0zone depletion stage. Therefore, the effect of these parame-
HOBr is involved in the heterogeneous bromine liberation

process. The heterogeneous Reactions (R13) and (R14) aF%rS 's studied in more detail,

also crucial for the same reason. Thus, it is very important

Atmos. Chem. Phys., 14, 37713787, 2014 www.atmos-chem-phys.net/14/3771/2014/
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Fig. 6. Instantaneous relative sensitivities of mixing ratios of ozone
and BrO for bromine-containing reactions at day 6 for a 200m
boundary layer height.
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Time [days] represents the total time needed until the ozone mixing ra-
tio is less than 4 ppb (10 % of the initial mixing ratio), and
Fig. 7. Temporal evolutions of the sensitivity coefficients of the the horizontal axis shows the value@fn logarithmic scale.
ozone concentration fdtmix, y, andg. In different boundary layer conditions, wh@n< 10, the in-
crease of significantly reduces the total time including in-
duction and depletion as anticipated. The depletion events
The positive relative sensitivity df ,ix indicates a slower  with different boundary layer heights are completed within
and less abrupt ozone depletion event for an increased boundQ days forg > 5. When g approaches 100, the total de-
ary layer height. This is consistent with the results shown inpletion time approaches the minimum limit of 2 days inde-
Fig. 1. Similarly, the negative sensitivities pf andg show  pendently of the boundary layer height. Thus, the maximum
that there is a decrease of the ozone concentration with inezone depletion time due to local chemistry cannot fall be-
creased values gf and 8, which means that the ozone de- low 2 days for the range of boundary layer heights under
pletion is enhanced for higher values. This can be explainedonsideration. The bottom panel in FRjshows that the re-
as follows: if the reaction probability between HOBr and the duced ozone depletion time with increasgds mainly at-
reactive surface is higher (i.e., a larger reactive surface aretributable to the reduced “induction time”, whereas the “de-
is offered for the heterogeneous reactions), more bromingletion time” remains stable. Whet approaches the value
atoms are released, leading to an acceleration of ozone def 100, the shortest ozone depletion event consists of 28 h
pletion. induction time and 20 h depletion timBottenheim et al.
The reactive surface area rati, is influenced by the (1986, Tuckermann et al(1997 and Jones et al(2006
physical structure and the roughness of the fresh ice surebserve an extremely rapid ozone decrease with a drop of
face covered by snow, which affects the heterogeneous Re30 ppb within several hours. However, it is usually assumed
action (R14). The top panel in Fig.shows the variation of  that most of this rapid decrease is caused by the transport of
the total ozone depletion time with the reactive surface ra-ozone-lacking air parcels to the measuring locati8imfp-
tio B for different boundary layer heights. The vertical axis son et al. 2007). This unsolved question of the importance

www.atmos-chem-phys.net/14/3771/2014/ Atmos. Chem. Phys., 14, 3BB7, 2014
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of chemistry versus transport could be addressed througk 4

150
the consideration of the horizontal transport process, which A —
is beyond the scope of the present study. However, a 3-D i 4140 &

. . . 30 ] =
model including the modeling of the turbulent transport of T . 2
air parcels in the framework of a large eddy simulation using & 130 g
. . o 20 . o
a skeletal chemical reaction scheme for the ozone depletior g 120 @
will be available soon@ao and Guthejl2013 2014. S i a’;
The following sections concern the extension of the 10 110 £
present bromine mechanism through chemical reactions in- i 1 z
cluding NG and chlorine and related chemical reactions. o(; : : — 1'0 — 1’50
Time [days]
3.2 NO-related chemical reaction mechanism (a)
40 ] 300
The role of NG chemistry is investigated by adding Reac- - \ .
tions (R56) to (R86) to the present bromine-only chemical re- 30 \ ] g
action system (see Supplement). Nine chemical species aniz | P R —— 1200 &
31 chemical reactions are added to the bromine-only mecha: & oo \ :I o,No,mech. | &
nism. o B " = = = = 0,-Brmech. i P
B . .. - ———— Br,-NO mech. _| 100@
Figure9 shows the temporal evolution of the mixing ra- 1ok /' = — — Br,-Brmech. | -0
. . ) B ;Y ———— HOBr-NO, mech. T
tios of ozone, bromine and NGpecies for a boundary layer C , ﬁ' ------ HOBr-Brmech. |
height of Lmix = 200 m using the extended mechanism. The . ]' W L .
time lengths of the induction and depletion stages in this sit- 00 5 10 150
uation are 3.4 days and 1 day, respectively. The NaX- Time [days]
ing ratio is mostly between 10 ppt and 20 ppt, which com- (b)

pares well with the results dRidley et al. (2003. Dur-
ing the ozone destruction period, N®pecies and fluxes of Fig. 9. Time evolution of the mixing ratios of ozone, nitrogen-
nitrogen-containing species from the snow (see Taplere containing species and bromine for a boundary layer height of
converted into BrON@and other nitrogen-containing com- 200m.
pounds such as BrNO

The major sink of the nitrogen is attributable to PAN. The rapje 4. List of important NG-relevant reactions (type F: NGor-
mixing ratio of PAN increases until ozone is completely con- mation; type D: NQ depletion).
sumed, this enhancement of PAN during the ozone depletion
time is also observed in the last period of the measurements Reaction No.  Type
by Bottenheim et al(1986 conducted at Alert, Canada, for

nitrogen containing compounds. After the total ozone deple- HO + NO(+M) — HNO,(+M)  (R62) D
C S ) o ) : ) HNO4(+M) — HO2 + NOy(+M)  (R63) F
tion in the air, the mixing ratio of PAN shows little varia- Br + NO(+M) — BrNO(+M) (R77) D
tion. The present study reveals that during the ozone deple- BrO-+NOy(+M) — BrONO,(+M)  (R79) D
tion stage the mixing ratio of NOdecreases, and when the BrONO, + hv — BrO+NO, (R81) F
ozone is almost completely consumed the N@ixing ra- BrNO, + hv — Br+NO, (R82) F
tio increases. This evolution of the mixing ratio of NG HNO3 + hv aerosol NO, + OH (R85) F

consistent with the measurements reportedBejne et al.
(20023 b) at Alert in the polar spring in the year 2000. The
addition of NG-related chemistry causes an increase of the
peak value of HOBr in the atmosphere from 65 ppt with the a boundary layer height of 200 m compared with the results
bromine only mechanism to 110 ppt as shown in the bottomusing the bromine-only mechanism.

panel in Fig9. The additional HOBr flux is generated by the  The reactions strongly and directly affecting N@ixing
BrONO; hydrolysis process in Reactions (R83) and (R86) atratios are listed in Tabld, and their reaction-rate evolutions
the aerosol surfaces and in the ice/snowpack. Using the exare shown in Figl0, which shows that the NOmixing ratios
tended chemical reaction scheme, the total bromine mixingare influenced by different reactions in different time periods.
ratio increases from about 190 ppt to approximately 280 ppt,Table5 gives a summary of the major chemical reactions af-
which is close to the observed extreme bromine mixing ratiofecting the mixing ratios of NQ In the early induction stage

of about 260 ppt reported dynpey et al(1999. A compari-  before day 3, the formation Reaction (R63) and the depletion
son of Fig.1 and Fig.9 shows that the addition of N&tchem-  Reaction (R62) are the most rapid N@elated reactions,
istry enhances the total ozone depletion by about 2.5 days fomost of the NQ molecules participate in this reaction pair.
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c 10 0 5 10 15 leads to the formation of BrNgat the end of the depletion
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Fig. 10. Temporal evolution of N@-relevant reaction rates for a

Table 5. Overview of NG.-relevant reactions and periods. the PAN mixing ratio. PAN forms in Reaction (R76) and,
. _ therefore, the mixing ratio of NQis reduced. Reactions
Reaction No. Period (R56) and (R68), which determine the gaseous NO angd NO

HOp + NO2(+M) — HNO#(+M)  (R62)
HNO4(+M) — HO2 + NO2(+M)  (R63)

BrO+ NO»(+M) — BrONGy(+M)  (R79)

Induction

BrONOj + v — BrO+NO, (R81)
BroNO, "23° HOBr + HNO3 (R83, R86)
HNO3 259! NO, + OH (R85)
Br+NOy(+M) — BINO(+M)  (R77)

Later, in the induction stage, most of the Nfdolecules are
converted to BrON@ (see Sect. 5 of the Supplement), lead-
ing to the enhancement of the BrOM@ixing ratio in the

air. After ozone depletion has started, the Reactions (R79)
(R81), and (R85) related to BrONbecome more impor-
tant. The hydrolysis Reactions (R83) and (R86) of BrQNO
constitute the mostimportant N@ycle during the ozone de-
pletion. Since most of the NOnolecules are involved in this
BrONO,-related cycle at this time, the reaction rates of (R62)
and (R63) shortly drop. As depletion ends after 4.4 days, the

www.atmos-chem-phys.net/14/3771/2014/

Atmos. Chem. Phys., 14, 38787, 2014

The instantaneous relative sensitivities of Nédncentra-
tions at day 4, which is within the ozone depletion stage
(between days 3.4 and 4.4) are displayed in Rifj. The
200 m boundary layer heighta) formation, (b) depletion. NOy concentrations are very sensitive to Reactions (R75) and
(R76) as PAN is the major sink of nitrogen. Reaction (R75)
alters the mixing ratio of CECOg, leading to a decrease in

ratio, are also crucial. It is worth noting that the hydroly-
sis Reaction (R83) at the aerosol surface involving BrQNO
has a large impact on the mixing ratio of N@t this time.
Depletion In Reaction (R79), moderate formation of BrONOccurs

and Reactions (R81) and (R83) consume BrGN&nfirm-

ing the chemical reaction cycle during the ozone depletion

_ period through the sensitivity analysis.

BINOp + hv — Br+NO, (R82) After Depletion The instantaneous relative sensitivities of thed@ncen-
tration for reactions related to nitrogen-containing species
at day 4 are shown in Fidl2. The sensitivities for the ©
concentration is similar to those for the N©@oncentrations
shown in Fig.11. However, the sensitivities for PAN-related
Reactions (R75) and (R76) are relatively lower for ozone
compared to NQ. For ozone, the most important NO
related reaction is the hydrolysis reaction of BrON& the
aerosol surface (R83), since in this reaction, the HOBr con-
centration is enhanced, leading to a reduced ozone concen-
tration.
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trations at day 4 for a boundary layer height of 200 m.
Fig. 12.Instantaneous relative sensitivities of Goncentrations at
day 4 for a boundary layer height of 200 m.

is faster than in the gas phagér{(layson-Pitts2009. How-

ever, this heterogeneous reaction rate remains uncertain. In

The importance of nitrogen-related reactions versusthe present model, it is assumed that it has the same reaction

bromine-related reactions at day 4 is shown in Figsand rate as the BrON®hydrolysis reaction with = 0.06.
13. The bromine-related reactions have a much higher sensi- As a consequence, in the case of X =Br, the reaction cy-
tivity for ozone depletion compared to nitrogen-related reac-cle (1) is obtained:
tions at this time. A comparison of the sensitivity coefficients

of bromine-related reactions at day 6 for the bromine-only BrO+ NOz — BrONO;
mechanism, cf. Fig6, and the present mechanism at day 4 B mp

. ) S rON H.O HOBr+ HNO
shows a relatively higher sensitivity of the heterogeneous Re- Oz +H0 = + 3
action (R14) due to the increased HOBr concentration in the HNO3 + hv aerosql NO; + OH

NOx mechanism (see Fi@); this leads to a reduced impor-

tance of Reactions (R4) and (R6) in the mechanism including

NOx-related reactions. However, note that the time ungl O |n cycle (1), BrO is sequestered into BrONOleading to

depletion starts is considerably influenced by the presence che reduction of the amount of BrO and an enhancement of

NOx as shown in Figl4, which will be discussed below. HOBTr formation. The “bromine explosion” mechanism leads
Nitrogen-containing species are involved in both the 0zoney, an additional gaseous bromine flux released into the air,

production and the destruction cycles. Népecies may help speeding up the ozone depletion process.

halogen nitrates (XONg). The formation of halogen nitrates  cycle (I1):

and the following hydrolysis decomposition are suggested
by Sander et al(1999: HO+CO+0y; - CO; +HOy

HO2 +NO — OH+ NO2

Net:  BrO-+ HpO+ hv 25 HOBr+ OH. 0)

XO +NOy; — XONO;, (R79)

NO2 + hv + O — NO+ O3
and Net: CO+20,+hv — O3+ COs. ()
XONO, + H,0 me HOX + HNOs3, (R83, R86)  Most of the ozone in the troposphere is formed through cy-

cle (II). The rate-determining step is the conversion step from

where “mp” denotes multiphase reactions, i.e., reactions aNO to NO,. Peroxy radicals generated from volatile organic
the aerosol and at the ice/snow surface. compounds could also replace H® oxidize NO to obtain

Halogen nitrates formed in Reaction (R79) are rather easNOy, but this occurs through a more complex chemical reac-
ily decomposed by hydrolysis at the sea-salt aerosol surfacéon system.
through Reaction (R83) or at the saline surface through Re- Overall, the net effect on ozone depletion throughyNO
action (R86), producing HOX and HNQrespectively. The species results from the balance between cycles (I) and
HNOj3 photolysis reaction rates at the aerosol particle surfacéll). If the additional bromine flux induced by cycle (I) is
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40 3.3 Chlorine-related chemical reaction mechanism
I - 5\\, NO, mech . ) i . )
T Brmech. — The mechanism including both nitrogen- and chlorine-
30 v vy=0.0004 . . ; .
T W related species consists of 135 chemical reactions among
| \ ! 49 species. The mechanism and the related results are pre-
S 20F i sented in the Supplement. It is found that the chemical
o NO, mech. it NO, mech " .
i A'g composition of the ground surface may be important for
10 v=006 iy v=00001 the ozone depletion rate. Moreover, the calculated ratio of
- l:l\.\' [Br/Cl] during ozone depletion is on the order off1@hich
I S e — =T means that more than 99 % of the ozone is consumed directly
Fig. 14.0zone depletion rates with different values of the BrGNO )
hydrolysis uptake coefficient. 4 Conclusions

In this study, a chemical reaction mechanism for the ozone
strong enough, the ozone depleted in cycle (1) is faster thalepletion and halogen release in polar spring is analyzed us-
the ozone formed through cyc|e (||) In this situation, NO Ing a SenSitiVity analySiS. First, a chemical kinetic mecha-
species accelerate the whole ozone depletion event, and viddsm including only bromine species is used, which then is
versa. extended to include N@ and, in a second step, chlorine-

If the heterogeneous BrONGydrolysis Reactions (R83) containing species. To our knowledge this is the first study to
and (R86) are negligibley(= 0.0001), which means that Separate the influence of N@nd Cl species on the bromine
only a small amount of additional HOBr molecules can explosion mechanism and associated ozone depletion events.
be formed by nitrogen-related reactions, the presence o¥Vhen the nitrogen- and chlorine-containing species are not
nitrogen-containing species will slow down ozone depletionconsidered, i.e., in the bromine-only mechanism, the tem-
as shown in Figl4. In contrast, when the value of the uptake Poral change of mixing ratios of chemical species suggests
coefficient ofy = 0.06 is used in Reactions (R83) and (R86), that ozone is completely destroyed after a 5 day induction
ozone is depleted earlier than computed with the brominetime and a 40 h depletion process assuming a boundary layer
only mechanism. A critical turning value for the uptake co- height of 200 m. When the boundary layer height increases,
efficient of Reactions (R83) and (R86) can be identified asthe whole depletion process is retarded, and the average mix-
y = 0.0004. In this situation, the ozone produced by the ni-ing ratios of bromine are reduced. The importance of the
trogen cycle equals the amount of ozone destroyed by th@romine-containing reactions on the ozone depletion rate is
additional HOBr induced by nitrogen_heterogeneous ReacjdentiﬁEd USing a relative SenSitiVity anaIySiS of the chemical
tions (R83) and (R86), and no effect of the NEpecies on reaction rates. It is shown that as the bromine loading in the
the mixing ration of ozone is observed, the ozone depletior@ir is heavily enhanced by the “bromine explosion” mecha-
time equals the one in the bromine-only mechanism. How-Nism, the heterogeneous reactions related to HOBr play an
ever, as the value of the uptake coefficient for the heterogelmportant role. The physical properties such as reactive sur-
neous BrONG hydrolysis reactions at the ice/snow surfaces face area offered for the heterogeneous reactions determine
or the aerosols is usually significantly larger than the ob-the heterogeneous reaction rate, thus greatly affecting the
tained critical value in the present model, N€lated chem- ~ 0zone depletion rates. It is found that the shortest ozone de-
istry will typically enhance ozone depletion. Thus, it may Pletion period caused by local chemistry ends after 2 days.
be concluded that the presence of the small amount gf NO Using the extended chemical reaction scheme including
(15 ppt in the model) in the polar boundary layer may resultNOx chemistry, the mixing ratios of NErelated species
in the acceleration of the reactive halogen release and thare controlled by different chemical reactions in different

ozone depletion event. time periods. During the depletion process, the most dom-
The next section concerns the influence of chlorine-relatednant NG, reaction cycle is related to BrONCbecause of
chemical reactions on ozone depletion. the enhanced bromine concentration in the air. The impor-

tance of this chemical cycle is identified by both the study
of the reaction-rate evolutions and relative sensitivity coef-
ficients. A critical value of 0.0004 of the uptake coefficient
of the BrONQ hydrolysis reaction at the aerosol and saline
surfaces is identified, beyond which the existence ofyNO
species accelerate the ozone depletion event, whereas for
lower values, retardation occurs.
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