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Abstract

In recent years, the role of halogen species (e.g. Br, Cl) in the troposphere of polar
regions is investigated after the discovery of their importance for boundary layer ozone
destruction in the polar spring. Halogen species take part in an auto-catalytic chemical
cycle including key self reactions. In this study, several chemical reaction schemes are
investigated, and the importance of specific reactions and their rate constants is iden-
tified by a sensitivity analysis. A category of heterogeneous reactions related to HOBr
activate halogen ions from sea salt aerosols, fresh sea ice or snow pack, driving the
“bromine explosion”. In the Arctic, a small amount of NO, may exist, which comes from
nitrate contained in the snow, and this NO, may have a strong impact on ozone deple-
tion. The heterogeneous reaction rates are parameterized by considering the aerody-
namic resistance, a reactive surface ratio, G, i.e. ratio of reactive surface area to total
ground surface area, and the boundary layer height, L. It is found that for g =1,
the ozone depletion process starts after five days and lasts for 40 h for L, = 200 m.
Ozone depletion duration becomes independent of the height of the boundary layer for
about G > 20, and it approaches a value of two days for 8 = 100.

The role of nitrogen and chlorine containing species on the ozone depletion rate
is studied. The calculation of the time integrated bromine and chlorine atom concen-
trations suggests a value in the order of 102 for the [Br]/[CI] ratio, which reveals that
atomic chlorine radicals have minor direct influence on the ozone depletion. The NO,
concentrations are influenced by different chemical cycles over different time periods.
During ozone depletion, the reaction cycle involving the BrONO, hydrolysis is domi-
nant. A critical value of 0.002 of the uptake coefficient of the BrONO, hydrolysis reac-
tion at the aerosol and saline surfaces is identified, beyond which the existence of NO,
species accelerate the ozone depletion event — for lower values, deceleration occurs.
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1 Introduction, state of the art, and objectives

Since the 1980s, it has been reported that in polar regions, the amount of ozone in
the tropospheric layer may reduce from the normal value of tens of ppb (ppb = parts
per billion) to less than 1 ppb or even under the detection limit during the polar spring
season (Oltmans, 1981; Barrie et al., 1988, 1989; Oltmans et al., 1989; Helmig et al.,
2007, 2012). The observed depletion time varies from several hours to days. During
the ozone depletion event, a sudden release of halogen species (X, X5, XY, XO, HOX,
where X and Y denote halogen atoms such as Br and Cl) has been detected in both
the Arctic and Antarctic (Hausmann and Platt, 1994; Kreher et al., 1997; Tuckermann
et al., 1997; Hénninger and Platt, 2002; Friel3 et al., 2004; Wagner et al., 2007).

Halogen species are involved in an auto-catalytic chemical cycle, leading to ozone
depletion (Wayne et al., 1995; Platt and Janssen, 1995; Platt and Moortgat, 1999; Platt
and Honninger, 2003). The activation of halogens from the aerosols or the ice surface
by HOBr leads to a sudden increase of bromine concentration, which is called “bromine
explosion” (Platt and Janssen, 1995; Platt and Lehrer, 1997; Wennberg, 1999). A de-
tailed review of the chemical reaction mechanism about the lower tropospheric ozone
depletion has been described fully by Platt and Hénninger (2003), Simpson et al.
(2007), and Abbatt et al. (2012).

A number of numerical studies have been conducted since the 90’s of the last
century. Box models were used to capture the temporal evolution of the chemical
species (Fan and Jacob, 1992; Sander and Crutzen, 1996; Tang and McConnell,
1996; Sander et al., 1997; Michalowski et al., 2000). More recently, box model stud-
ies (Sander et al., 2006; Morin et al., 2008) focus on the role of calcium carbonate
precipitation in the triggering of bromine explosion. The coupling of HO,, NO, and
halogen chemistry is also investigated (Chen et al., 2007; Bloss et al., 2010; Liao et
al., 2011). In these box models, different techniques have been applied explicitly or
implicitly to include the key heterogeneous reactions occurring at the aerosol surface
or at the snow/ice surface.
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Most of the models mentioned above apply the deposition and emission of the halo-
gen species to represent the recycling of halogens at the ice/snow surface (Sander
and Crutzen, 1996; Chen et al., 2007; Bloss et al., 2010). Recently, a quasi-liquid layer
on snow/ice is studied (Boxe and Saiz-Lopez, 2008; Thomas et al., 2011; Toyota et al.,
2013), accounting for the aqueous reactions in the liquid-like layer and also the gas
transfer between the ice/snow surface and the ambient/interstitial gas. However, labo-
ratory research of Huff and Abbatt (2000, 2002) for the activation of Br, and BrCl on ice
surfaces suggests that the heterogeneous reaction between the gas molecules (HOBr)
and the adsorbed compounds (Br™) at the ice surface closely resembles a mechanism
of collision on the solid surface, which is of first order. This implies that the halide-ice
reactive surface behaves more like a solid rather than a liquid layer, and the transfer
of the gas to the ice surface is the rate-determining step. Therefore, the present study
includes a deposition and emission approach.

The coupled snow-gas phase chemistry is intensely studied by Thomas et al. (2011)
using a 1-D snow-atmosphere model (MISTRA-SNOW) developed from the 1-D at-
mospheric boundary layer model MISTRA (Piot and von Glasow, 2008, 2009). In the
MISTRA-SNOW model simulation, special attention is paid to the interaction between
bromine and nitrogen containing species over the snow covered regions. The impor-
tance of the bromine reactivation on aerosol and snow is also addressed. Some re-
searchers tried to consider the transport properties using different simple assumptions
to account for turbulence in 3-D simulations (Zeng et al., 2003; Yang et al., 2008, 2010;
Zhao et al., 2008; Toyota et al., 2011). The coupling of bromine chemistry and wind
speed as well as air mass temperature is parameterized in these 3-D models, confirm-
ing the connection between bromine explosion, ozone depletion phenomenon and the
local atmospheric conditions.

However, insufficient results are available on the analysis of the chemical reaction
mechanism. Little is known about the relative importance of each reaction in the mech-
anism at different times, and the role of physical properties, such as the influence of
boundary layer height, is not clear enough. Moreover, the present literature lacks a de-
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tailed discussion on how ozone depletion is altered by the presence of NO,. The main
objectives of the present research are

1. The study of the temporal variation of the chemical species and reaction rates,
and thus, identify the dominant reaction cycles at different time during the ozone
depletion event.

2. Identification of the significance of each chemical reaction and transport features
by sensitivity analysis.

3. Investigation of the role of NO, and chlorine chemistry on bromine release and
ozone depletion.

4. Study of the influence of the height of the boundary layer and surface properties,
such as the HOBr uptake coefficient.

2 Mathematical model and methods

The present model consists of a system of homogeneous chemical reactions, and it
may be written in the form

de

i f(c, k) (1)
with ¢|,_, = ¢4, Wwhere ¢ denotes the species concentration column vector. Equation (1)
may represent complex chemical processes, k is the vector of the reaction rate con-
stants and ¢ denotes time. Solution of the stiff ordinary differential Eq. (1) is achieved
using the software KINAL (Turanyi, 1990), which is an open-source software pro-
grammed in FORTRAN language solving the system of chemical kinetic equations.
A fourth order semi-implicit Runge-Kutta method is used to solve the governing equa-
tions.
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2.1 Sensitivity analysis

In a complex chemical system, it is difficult to see, which chemical reactions are more
important than others. However, if this information is available, it would help to gain
insight and better understanding of the kinetic behavior. In this situation a sensitivity
analysis is helpful to gain deeper knowledge about the chemical reactions system.
One element of the local relative sensitivity matrix can be written as

dlnc;

7 0Ink;’
where c; is the concentration of the /-th species, and kj- is the rate constant of j-
th reaction. The concentration sensitivity, S,-j, is a function of time, and it represents
the effect of the /-th concentration change caused by the j-th reaction rate change at

different times. The matrix decomposed method (Valko and Vajda, 1984) is embedded
in KINAL to perform the sensitivity analysis.

()

2.2 Reaction schemes

The reactions are listed in the Supplement and the reaction rates are calculated at
T = 258K at atmospheric pressure. Reactions numbers in the following text refer to
the table in the Supplement. Three different detailed chemical reaction schemes are
studied. The first one concerns bromine containing species only. The second reaction
scheme is an extension of the first one, where nitrogen containing species are added,
and the third chemical reaction scheme also includes chlorine reactions. Details about
the chemical mechanisms and the initial conditions are given in the result section.
The total halogen stock is determined by the heterogeneous reactions

HOBr + HX 2%, BrX 4+ H,O (R14, R128)
2
HOBr + H* + X~ /51, By + H,0, (R15, R129)
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where (R14) and (R15) refer to X=Br and (R128) and (R129) to CI. Thus, it is essential
to precisely parameterize the multiphase reaction rates.

2.2.1 Heterogeneous reaction for aerosols

By absorbing gaseous HOBr and HX, the liquid aerosols containing high concentra-
tions of sea salt could offer a possible location for (R14) and (R128) to occur (Sander
and Crutzen, 1996). Active halogen species BrX are reformed at the aerosol surface,
and then, they are emitted into the surrounding environment.

According to Schwartz (1986), the production rate of Br, molecules for (R14) is given
as

d[Br,]  d[HOB]
dt dt

= kg14[HOBI] (©)

with the first order heterogeneous reaction rate constant

a 4
Ko = (==
R4 = (5 +

)7 et (4)
g VinermV of

The term a/Dg in Eq. (4) represents the molecular diffusion limit, where D, is the

molecular diffusivity in the gas phase. In the present model, D, = 0.2 cm? s'1, and
a =0.45pum is the typical aerosol radius. The remaining contribution on the RHS of
Eq. (4) accounts for the collision frequency at the surface. The molecular mean speed

Vinerm Of HOBT is given by Vierm = H;EZBF, where My og, is the molar mass of HOBr.

R is the universal gas constant and T is the absolute temperature (258 K in the model).
y in Eq. (4) denotes the uptake coefficient of HOBr on sea salt aerosols. Considering
Eq. (4), it is seen that for aerosols with low y, thermal collision induced reactions are
favored, while in case of a high value of y, there will be limitations due to diffusion.
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The surface-volume coefficient, a.g, is the ratio of the total aerosol surface area,
Azerosol» and the total volume, V

Aaerosol . (5)

4

The value of the uptake coefficient, y, and the surface-volume coefficient, a4, for het-
erogeneous reaction rate of (R14) must be evaluated.

For Reaction (R14), the production of Br, is limited by the absorption of both gaseous
HOBr and HBr in the suspended aerosol particles. The HOBr uptake coefficient y to
the bulk of liquid phase can be expressed in the form of Eq. (6) according to Hanson
et al. (1994)

Qeff =

4 Viherm _ (6)
4H'RT \ [k Diq (@)

Here, a is the accommodation coefficient taken to be unity in the present study. The
effective Henry constant, H", is applied for the species, which can dissociate in the lig-
uid solutions, and it has the value of 1.7 x 10* mol (Latm)™" for HOBr. kl'iq is the first
order liquid reaction rate constant of HOBr/HBr reaction, and it can be calculated as
kl'iq = k,'i'q [HBr]iq = k,'i'q Hig, Pagr- kl'i'q is the second order liquid reaction rate constant,
and its value is 5 x 10% L (mol s)_1. The effective Henry constant of HBr for HOBr/HBr
reaction has the value of 3 x 108 mol (L a‘[m)'1 in the model. A,g, is the partial pres-

sure of gaseous HBr. For 10 ppt HBr, Py, = 10~ atm. Dy in EQ. (6) denotes the
liquid HOBr diffusion coefficient, which is taken to be 5 x 10"%ecm?s™". The function

f(g) = coth(g)-(1/q), where g = a kl'iq/D"q, and a is the typical aerosol radius. Thus,
y = 0.12 is obtained for a gas mixing ratio of 10 ppt HBr. If the aerosol particles are
assumed to be uniformly distributed, using the data provided by Staebler et al. (1999),
the aerosol volume concentration is calculated to be 10~ cm?® cm‘s, and 107% cm? ef-
fective aerosol surface area is offered in each cm® volume of air, which corresponds to
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Qg = 10°cm™". The first-order reaction rate constant for Reaction (R14) can then be
calculated as kg4 = 6.14 x 10™*s™" for 10 ppt HBr mixing ratio.

Considering the chlorine containing mechanism in (R128), BrCl is produced via the
corresponding heterogeneous reaction. Similarly, if the HCI mixing ratio is 10 ppt, the
first-order reaction rate Agyog = 1.61 x 107°s™" is obtained with k' =10° L (mols)™’

li
and H* = 3 x 10° mol (Latm) 1 for HOBr/HCI reaction.
2.2.2 Heterogeneous reaction for ice/snow packs

For Reactions (R15) and (R128), in which the ice/snow pack offers the possible reac-
tion site, the change in concentration of HOBr depends on the deposition velocity, vy,
at the ice/snow surfaces, the typical height of the mixing layer, L, and the total re-
active surface area offered by ice/snow, which is denoted by a reactive surface ratio

coefficient, G
@ = —ky[HOBT], (7)

where the deposition rate constant kg

Vd

kg =7—F- (8)

Lmix

The deposition velocity v, is governed by the sum of three resistances (Seinfeld and
Pandis, 1998): the aerodynamic resistance r,, the quasi-laminar layer resistance r,
and the surface resistance r_:

Vd=(ra+rb+rc)_1- (9)

r, shows the resistance of turbulent transport of bringing the gas from the atmosphere
down to the surface, and it is given as 1/(UK2)(|n(Z/ZO))2, where v is the wind speed
24179
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for which the value 8ms™" is used (Beare et al., 2006), k = 0.4 is the von Karman’s
constant. z is the height of the surface layer, which is 10 % of the boundary layer height.
Z is the surface roughness length, and 107> m is used for the ice surface (Stull, 1988;
Huff and Abbatt, 2000, 2002). Thus, the value of r, depends on the local transport
properties (wind speed, boundary layer, ...). The quasi-laminar layer resistance, rp,
represents the ability of molecular diffusion to tranfer gas across a liquid-laminar layer
above the surface, and it is given as r, = z,/D,,. r.. is the resistance due to the reaction
loss, and it expressed as 4/(VinermY)- A constant uptake coefficient of y = 0.06 is taken
after Sander and Crutzen (1996); this includes the assumption that H" and halogen
ions are inexhaustible at the ice/snow surface.

L.ix in Eq. (8) stands for the typical height of the stable boundary layer. Typical
magnitudes of the stable boundary layer height observed in polar regions range from
a near zero value to over 1000 m (Stull, 1988), depending, for instance, on the wind
speed and the temperature inversion intensity. In the present model, different boundary
layer heights of 200 m (suggested in Beare et al. (2006) and used in Evans et al., 2003),
500 m (used in Oltmans et al., 2012) and 1000m (used in Lehrer et al., 2004) are
considerd. The deposition velocity for the three boundary layer heights is 0.605 cm s ,
0.536cms™' and 0.491cms™, respectively. These values are in the reasonable range
of the HOBr deposition velocity (Sander and Crutzen, 1996; Adams et al., 2002; Yang
et al., 2005).

A reactive surface ratio coefficient g is introduced in Eq. (8), representing the ratio of
total reactive surface area offered by the ice/snow surface and the flat surface area. For
a flat surface of pure ice, B equals unity. However, considering the porous properties
of the contaminated snow above the ice surface, larger surface area may be offered by
the ice/snow surface. Besides, the surface physical structure and the roughness may
also increase the reactive surface area, for instance, through frost flowers because
of their sharp angular features (Rankin et al., 2002). The lifted snow pumped by the
wind near the surface may also increase the total reactive surface area. Because of
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the uncertainty of the reactive surface area offered by the saline surface, a parameter
study is conducted with the consideration of a proper range of .

If the chlorine mechanism is discarded, all HOBr molecules residing at the ice/snow
surface are converted into Br, through Reaction (R15), and the Br, is emitted into the
ambient air. For 8 = 1.0, the reaction rate constant k45 for Reaction (R15) is calculated
as 3.03x107° s'1, 1.072x10°s " and 4.91 x 1076 s™" for the boundary layer heights
L mix =200m, 500 m and 1000 m, respectively.

However, if the chlorine mechanism is added, reaction

snow/ice
—_—

HOBr + H* + CI- BrCl + H,0 (R129)

competes with Reaction (R15) for the HOBr molecules, and the reaction rate ratio,
K, /Brcl = Kr1s/kr129 Of Reactions (R15) and (R129) determines the formation ratio of
Br, and BrCl molecules through the heterogeneous activation from the ice/snow pack.
The value of Kp,, /g,c varies between 0.8 to 1.4 (Foster et al., 2001). Michalowski et al.
(2000) found that the ozone depletion rate is very sensitive to the production rate ratio
of Br, and BrCl. Therefore, the relation between the production rate ratio and ozone
depletion time is investigated in the present study, whereas the default value is taken
to be unity.

In the next section, results of the numerical computations are presented with empha-
sis on the different reaction schemes discussed above, and their influence on ozone
depletion is evaluated.

3 Results

First, the mechanism without any NO, and chlorine related reactions is analyzed. The
chemical reaction scheme involves 55 chemical reactions (Reactions (R1) through
(R55) in the Supplement) and 30 species, called “bromine only mechanism”. Then,
31 reactions (Reactions R56 through R86) and 9 nitrogen containing species are added
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in order to investigate the effect of NO, species. Similar constant values of uptake co-
efficient (y = 0.06) are taken for these NO, related heterogeneous Reactions (R83),
(R85) and (R86). Since NO, is converted to PAN (peroxyacytyl nitrate), which can be
hardly photolyzed, fluxes of nitrogen containing species produced from the snow are
added to the model (see Table 1). The emission rates of NO, NO,, H,O, and HCHO
are estimated based on the measurements (Jones et al., 2000, 2001; Jacobi et al.,
2002), and the production ratio of HONO and NO,, is 1.0 (Grannas et al., 2007). The
photolysis of nitrate in the snow pack is suggested as the major source of the nitro-
gen containing fluxes. Finally, 49 chlorine related reactions (Reactions R87 through
R135) and 10 chlorine containing species are included. When the latter mechanism is
used, the time integral concentrations of active bromine and chlorine radicals during
the ozone depletion are determined. The average photolysis reaction rates are com-
puted using Réth’s model (Réth, 1992, 2002) under the condition that the Solar Zenith
Angle (SZA) equals 80 degrees.

The initial gas phase species mixing ratios are listed in Table 2 (ppm = parts per
million, ppt = parts per trillion). The prescribed initial trigger of bromine species in air
is 0.3ppt Br, and 0.01 ppt HBr. This small amount of active bromine could come from
the degradation of natural organohalogen compounds (e.g. CH3Br). All other species
not listed have initial concentration of zero (except for natural air).

3.1 Bromine only mechanism

Figure 1 displays the modeled concentrations of the relevant species as a function
of time for three different boundary layer heights of 200, 500, and 1000 m, and Fig. 2
shows a column presentation of Fig. 1a. It can be seen that ozone depletion starts after
five days and lasts for about 40 h for a 200 m boundary layer thickness. Before day five,
little ozone is consumed. At this early stage, HOBr and BrO concentrations show expo-
nential growth, and these two species constitute the majority contributions of bromine
species. Due to the existence of ozone, the active Br atoms are instantly converted to
BrO, and thus, they can hardly be observed at this time. As the concentration of HOBr
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is increasing, a large amount of reactive bromine is triggered from the saline surface
and sea salt aerosols, leading to an explosive increase of the total bromine concen-
tration and a rapid decrease of ozone. After six days, BrO builds up to reach a peak
level of 60 ppt, and then it rapidly decreases. When the HOBr concentration increases
to its maximum value of about 70 ppt, the ozone mole fraction falls down below 1 ppb.
As HOBr falls rapidly, the Br atom concentration abruptly builds up to be the main con-
stituent of the bromine stock, which increases to its maximum value of about 170 ppt.
This large amount of Br then is removed by the aldehydes (for instance HCHO and
CH3CHO) in the natural air, forming HBr. At the end of the depletion event, a high level
of HBr is left in the air, which is confirmed by the aerosol measurements of Langendor-
fer et al. (1999).

When the boundary layer grows to the height of 500m and 1000 m as in situation
(b) and (c), respectively, cf. Fig. 1, the strongest ozone depletion occurs after 15 days
or even more than 30 days with the same initial conditions and the depletion itself is
extended to about 3-5 days. The principal profiles of bromine species concentrations
are similar to those in situation (a), but the peak values are considerably lower. The
maximum values of BrO are in the range of 30—40 ppt. The result for 1000 m boundary
layer height may be compared with a numerical study of Lehrer et al. (2004), who find
the depletion to end after 40 days. This value agrees well with a previous study (Cao
and Gutheil, 2011) neglecting the aerodynamic resistance in both of these studies.
Since the typical height of stable boundary layers measured in polar regions vary from
100 m to 500 m (Stull, 1988), the remainder of the study concerns a boundary layer
height of 200 m.

Considering the temporal behavior of the species as discussed above, the whole
ozone depletion process may be divided into three time periods. At the beginning of
the event, the gaseous halogen concentrations in the air are low, only a small fraction
of ozone is consumed, this period may be called “induction stage”. It is followed by
the “depletion stage”, where a large amount of inert halogens are triggered from sea
salts by the frequent collisions between the saline surface and HOBr molecules. The
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ozone in the lower troposphere is severely consumed at this stage and the depletion
rate is in the order of 1 ppb h~'. In the last time period, the “end stage”, ozone is almost
completely depleted. The remaining halogen species are hydrogen halides, and the
total halogen concentration keeps stable. Different values of the initial bromine trigger
concentration have been tested. For a reduced value of initial bromine concentration
of 0.1 ppt, the “induction stage” is prolonged, and for a higher initial value of 0.5 ppt, it
is reduced, whereas the time for the depletion itself is hardly affected. This means that
the ozone depletion is caused by the activated bromine from the sea salts, whereas
the initial bromine concentration serves as a trigger to the ozone depletion event.

The reactions directly affecting ozone concentration are listed in Table 3, note that the
complete mechanism is provided in the Supplement. Reactions (R3), (R7), (R30), and
(R54) cause ozone formation, whereas Reactions (R1), (R5), (R27), (R31), and (R36)
lead to ozone depletion. The temporal evolution of these ozone relevant reaction rates
are plotted in Fig. 3 for the case of 200 m boundary layer height in logarithmic scale.
The relevance of these reactions is discussed below in connection with the sensitivity
analysis, which reveals that the reactions discussed here have a high relative sensitivity
and therefore, they dominate the entire process under consideration. In the top part of
the figure, ozone forming reactions are displayed, and in the bottom part, the rates for
ozone depletion reactions are depicted in reverse vertical axial direction. It can be seen
that during the ozone depletion period from day 5 to day 7, the fastest enhancement
reaction is (R7) while the strongest depletion is caused by (R5). These two reactions
combine to form the most effective ozone cycle. Due to the reactive Br atoms formed by
the self-reactions (R8) and (R9), the peak value of the (R5) reaction rate is higher than
that of (R7). Therefore, ozone tends to decrease in this fastest cycle. The second most
efficient ozone cycle consists of formation Reaction (R3) and depletion Reaction (R1).
This cycle is more dominant before day 3. When the ozone depletion event starts, and
after day 7, this cycle is at least two orders of magnitude less effective than the fastest
cycle.
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In the present study, the relevance of different chemical reaction steps is discussed in
the framework of a sensitivity analysis (see Eq. 2), which will be used in a future investi-
gation to reduce the present mechanism to a skeletal reaction scheme for application in
future 3-D simulations. Figure 4 shows the relative sensitivities for ozone and BrO con-
centrations at day 6, which is the time, when major ozone depletion occurs. Red and
blue bars show the sensitivity coefficients for BrO and for O, respectively, where it can
be seen that they have opposite signs, which means that ozone is destroyed/formed
as BrO is built up/consumed, a negative sign corresponds to depletion. Reactions (R5)
and (R7), which constitute the fastest ozone cycle as mentioned above, have a high im-
pact on the ozone and BrO concentrations. HOBr production and destruction reactions,
(R10) and (R11), are important since HOBr is involved in the heterogeneous bromine
liberation process. The heterogeneous reactions, (R14) and (R15), are also crucial for
the same reason. This means that it is very important to have a good knowledge of
the chemical reaction rates of these reaction steps because of their dominance of the
ozone depletion mechanism.

The temporal sensitivity evolution of ozone concentration for boundary layer height
L ix, Saline surface uptake coefficient y and reactive surface ratio G is displayed in
Fig. 5. When the depletion process starts after 5 days, the absolute values of these sen-
sitivities increase sharply and reach their peaks at around day 7 (cf. Fig. 5). The sen-
sitivity of y is smaller compared to the other two parameters because at the ice/snow
surface, collision kinetics is less dominant compared to the transport of the air. Since
all the physical properties considered here affect the ozone depletion through the het-
erogenous reactions, it is demonstrated that the heterogeneous liberation process is
very important throughout the ozone depletion state. Therefore, the effect of these pa-
rameters are studied in more detail.

The relative sensitivity of L, is positive, which means that for increased boundary
layer height, the ozone depletion occurs later and less abrupt. This is consistent with
the results shown in Fig. 1. Similarly, the negative sensitivities of y and @ cause a
decrease of the ozone concentration with increased y and @, which means that the
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ozone depletion is enhanced for higher values. This can be explained as follows: if
the reaction probability between HOBr and the reactive surface is larger (i.e. a more
reactive surface area is offered for the heterogeneous reactions), more bromine atoms
are released, leading to the acceleration of the ozone depletion.

The reactive surface area ratio, G, is influenced by the physical structure and the
roughness of the fresh ice surface covered by snow, which affects the heterogeneous
Reaction (R15). Figure 6 shows the variation of the ozone depletion time with the re-
active surface ratio 5. The vertical axis represents the total time needed until ozone
mixing ratio is less than 4 ppb (10 % of the initial mixing ratio), and the horizontal axis
shows the value of @ in log scale. Obviously, in different boundary layer conditions,
when @ < 10, the increase of @ significantly reduces the total time including induction
and depletion. All the depletion events with different boundary layer heights are com-
pleted within ten days if 8 > 5. When § approaches 100, all curves approximate the
minimum limit of two days. This means that the maximum ozone depletion event rate
caused by local chemistry is two days at 200 m boundary layer height. From some
observations (Bottenheim et al., 1986; Tuckermann et al., 1997; Jones et al., 2006),
extremely rapid ozone decrease with a drop of 30 ppb within several hours is found.
However, it is usually assumed that most of this rapid decrease is caused by the trans-
port of ozone-lacking air parcels to the measuring location (Simpson et al., 2007). To
solve this question of chemistry versus transport, the consideration of the horizontal
transport process is needed, which is beyond the scope of the present study.

The following sections concern the extension of the present bromine mechanism
through chemical reactions, which include NO, and chlorine.

3.2 NO, Related chemical reaction mechanism

The role of NO, chemistry may be investigated by adding Reactions (R56) to (R86) to
the present chemical reaction system (see Supplement). The NO, mechanism adds
9 chemical species and 31 chemical reactions to the bromine mechanism. In Fig. 7,
ozone, bromine and NO, concentration profiles are plotted for L, =200 m. During
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the ozone destruction period between days 3 and 4.5, the initial 15 ppt NO,, and fluxes
of nitrogen containing species from the snow (see Table 1) are converted into BrONO,
and other nitrogen containing species such as BrNO,. The major sink of the nitrogen is
PAN. Moreover, because an additional HOBFr flux is generated by the BrONO, hydrol-
ysis process (R83) and (R86) at the aerosol surfaces and the ice/snow pack, the peak
value of HOBr activated from sea salts reaches more than 110 ppt compared to 70 ppt
released by the chemical reaction mechanism without NO, reactions, see Fig. 7b. It is
illustrated that the total bromine concentration increases from about 180 ppt to approx-
imately 300 ppt. This large value approaches the extreme bromine observation value
of about 260 ppt reported by Impey et al. (1999). Figure 7 shows that the ozone deple-
tion process starts after 3 days and ends before day 4.5. Thus, the induction period is
shorter by about 2 days whereas the depletion stage is about the same compared with
the results using the bromine only mechanism.

The reactions strongly and directly affecting NO, concentrations are listed in Table 4,
and their reaction rate evolutions are shown in Fig. 8. It is seen that NO, concentra-
tions are largely influenced by different reaction cycles at different time stages. Table 5
gives a summary of the chemical reaction cycles affecting NO, concentrations. In the
early induction stage before day 3, formation Reaction (R63) and depletion Reaction
(R62) constitute the most effective NO, cycle (N-l). When ozone depletion starts, due
to a strong increase of the bromine concentration, the Reactions (R79), (R81) and
(R85) related to BrONO, become more important. Considering the hydrolysis Reac-
tions (R83) and (R86) of BrONO,, the most efficient NO, cycle (N-llI) during ozone
depletion constitutes. Since most of the NO, molecules are involved in cycle (N-Il) at
this time, the reaction rates of cycle (N-1) shortly drop. As depletion ends after day 4.5
with the sharp decrease of the reaction rates in cycle (N-II), the NO, cycle (N-IIl) con-
sisting of (R77) and (R82) is prominent. In cycle (N-1I), BrNO, is the major product,
which is also observed in Fig. 7a.

The relative sensitivities of NO, concentrations at day 4, which is within the ozone
depletion stage (between day 3 and 4.5) is displayed in Fig. 9. PAN is the major sink
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of nitrogen. Reaction (R75), which modifies the CH;CO4 concentration, decreases the
PAN mixing ratio. Reaction (R76) leads to formation of PAN, and therefore, the NO,
concentration is reduced. Reactions (R56) and (R68), which determine the gaseous
NO and NO, ratio, are also crucial. It is worth noting that the hydrolysis reaction of
BrONO, at the aerosol surface (R83) has a large impact on NO, concentrations at
this time. Considering (R83) with moderate BrONO, formation (R79) and consumption
Reactions (R81), the importance of cycle (N-1l) during the ozone depletion period is
demonstrated.

The relative sensitivities of the O3 concentration for reactions related to NO, at day 4
are shown in Fig. 10. The importance of each reaction on O3 concentration is similar
to those for the NO, concentrations shown in Fig. 9. However, the sensitivities for PAN
related reactions (Reactions R75 and R76) are lower for ozone compared to NO,. This
is because for the ozone concentration, the consumption and formation of PAN are not
as important as they are for NO, concentrations as discussed above. For ozone, the
most important NO, related reaction is the hydrolysis reaction of BrONO, at the aerosol
surface (R83), since in this reaction, the HOBr concentration is enhanced, leading to a
reduced ozone concentration.

The importance of nitrogen related reactions versus bromine related reactions at
day 4 is shown in Figs. 10 and 11. The bromine related reactions have a much higher
sensitivity for ozone depletion compared to nitrogen related reactions at this time. A
comparison of the sensitivity of bromine related reactions at day 6 for the bromine
only mechanism, cf. Fig. 4, and the present mechanism at day 4 shows a relative
higher sensitivity of the heterogeneous Reaction (R15) due to the increased HOBr
concentration in the NO, mechanism (see Fig. 7); this leads to a reduced importance of
Reactions (R5) and (R7) in the mechanism including NO, related reactions. However,
note that the time until O; depletion starts is considerably influenced by the presence
of NO, as shown in Fig. 12, which is discussed below.

Nitrogen containing species are involved in both the ozone production and the de-
struction cycle. NO, species may help to accelerate the ozone depletion by the pro-
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cesses related to halogen nitrates (XONO,). The formation of halogen nitrates and the
following hydrolysis decomposition are suggested by Sander et al. (1999)

XO + NO, — XONO, (R79)
XONO, + H,0 =2 HOX + HNO, (R83, R86)

where "mp” denotes multi-phase reactions, i.e. reactions at the aerosol and at the
ice/snow surface.

Halogen nitrates formed in (R79) are rather easily decomposed by hydrolysis at the
sea salt aerosol surface through (R83) or at the saline surface through (R86), produc-
ing HOX and HNOg, respectively. The HNO3 photolysis reaction rates at the aerosol
particle surface is 1-2 orders of magnitude faster than that in the gas phase (Finlayson-
Pitts, 2009).

As a consequence, in the case of X=Br, the reaction cycle () is obtained

BrO + NO, — BrONO,
BrONO, + H,O =% HOBr + HNO,

HNO;, + Av 2229, NO, + OH
Net : BrO + H,0 + hv =% HOBr + OH. (1)

In cycle (1), BrO is sequestrated into BrONO,, leading to the reduction of BrO amount
and the enhancement of HOBr formation. Because of the “bromine explosion” mech-
anism, an additional gaseous bromine flux is released into the air, speeding up the
ozone depletion process.
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NO, species could also be involved in an ozone production cycle (lI)

HO+CO+02—>COZ+H02

N02‘|'/7V'|‘02—> NO+O3
Net : CO +20, + hv — O5 + CO,. (1)

Most of the ozone in the troposphere is formed through cycle (Il). The rate-determining
step is the conversion step from NO to NO,. Volatile organic compounds (VOCs) could
also replace HO, to oxidize NO to obtain NO,, but this occurs through a more complex
chemical reaction system.

Overall, the net effect on ozone depletion through NO, species results from the bal-
ance between cycle (1) and (Il). If the additional bromine flux induced by cycle (l) is
strong enough, the ozone depleted in cycle (l) is faster than the ozone formed through
cycle (Il). In this situation, NO, species accelerate the whole ozone depletion event,
and vice versa.

Thus, if the heterogeneous BrONO, hydrolysis Reactions (R83) and (R86) are negli-
gible (y = 0.0001), which means that only a small amount of additional HOBr molecules
can be formed by nitrogen related reactions, the presence of nitrogen containing
species will slow down ozone depletion as shown in Fig. 12. In contrast, when the value
of the uptake coefficient of y = 0.06 is used in Reactions (R83) and (R86), ozone, in
fact, is depleted earlier than computed with the bromine only mechanism. A critical
turning value for the uptake coefficient of Reactions (R83) and (R86) can be identi-
fied at y = 0.002. In this situation, the ozone produced by the nitrogen cycle equals
the amount of ozone destructed by the additional HOBr induced by nitrogen heteroge-
neous Reactions (R83) and (R86). Then, no effect of NO, species on ozone concen-
tration is observed, and the ozone depletion predicted equals the one in the bromine
only mechanism.

The next section concerns the influence of chlorine related chemical reactions on
ozone depletion.
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3.3 Chilorine related mechanism

The detailed mechanism including both nitrogen and chlorine related species consists
of 135 chemical reactions among 49 species, see Supplement. For the present com-
putations, the reaction rate ratio Kg,, /gc;, of Br, and BrCl from the ice/snow surface,
see Reactions (R15) and (R129), equals 1.0, which means half of the deposited HOBr
molecules are converted to Br, while the other half activate BrCl. Figure 13 shows the
major chlorine containing species and ozone concentration profiles versus time for a
boundary layer height of 200m. Compared to the NO, related mechanism, the con-
sumption of ozone in chlorine related mechanism occurs at approximately the same
speed of 1 ppb h~'. The total chlorine concentration amounts to 100 ppt at the end of
the event, mostly in the form of HCI. The mixing ratio of gaseous CIO is about 0.8 ppt,
which is consistent with Perner et al. (1999)’s measurements at Ny-Alesund, reporting
the CIO mixing ratio to be less than 2 ppt.

A parameter study is conducted for influence of the reaction rate ratio Kg,, /g,c/ from
the ice/snow surface, cf. (R15) and (R129), on the total ozone depletion time (ozone
mixing ratio drops to less than 4 ppb). Figure 14 shows the total ozone depletion time
to be about 6.5 days for Kg,,/5.ci = 2.0. As the value of this ratio decreases, which
means that less Br, is produced while more BrCl molecules are released from the
ground surface, the ozone depletion event is retarded. When the production ratio is
less than 0.2, ozone depletion is hardly observed. This reveals that the ozone depletion
time is strongly dependent on the reaction rate ratio Kg,, /g,c for the formation of Br,
and BrCI from the ice/snow surface. Adams et al. (2002) found in laboratory research
that the major reaction product is Br, when the ice surface contains sufficient Br™,
whereas BrCl is released as the major product if Br~ is significantly depleted in the
ice or snow pack before ozone is consumed. Therefore, it can be concluded that the
chemical composition of the ground surface might be important for the ozone depletion
rate.
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The change of active bromine and chlorine radical concentrations with time versus
ozone concentration are plotted in Fig. 15. As the ozone depletes, an exponential in-
crease of the active bromine radicals is observed, whereas the enhancement of Cl is
approximately steady. Thus, the destruction of ozone is dominantly dependent on Br
atoms and not on the Cl atoms. The calculated ratio of [Br/Cl] during ozone depletion is
of the order 10%. This means that more than 99 % of the ozone is consumed directly by
Br radicals. Previous experimental studies using the VOC decay measurement method
suggest various values for the [Br]/[ClI] ratio, ranging from tens to more than ten thou-
sand (Jobson et al., 1994; Solberg et al., 1996; Ramacher et al., 1999; Boudries and
Bottenheim, 2000). However, most of the studies find values in the order of some hun-
dreds. Michalowski et al. (2000) suggested that the possible reason for the relatively
high modeled value of the [Br/Cl] ratio may be an underestimation of the Cl mixing
ratio. Spicer et al. (2002) recommend that an additional unknown CI source should be
assumed, which has not yet been considered in any model study until now.

The present investigation of the influence of chlorine chemistry shows that chlorine
containing species have minor direct influence on ozone depletion compared to NO,
and bromine.

4 Conclusions and future research

In this study, the ozone depletion and halogen release mechanism in polar spring is
analyzed using detailed chemical reaction schemes and a sensitivity analysis. First,
a chemical kinetic mechanism including only bromine species is used, which then is
extended to include NO, and, in a second step, chlorine containing species. To our
knowledge this is the first study to separate the influence of NO, and Cl-species on
the bromine explosion mechanism and associated ozone depletion events. When the
nitrogen and chlorine containing species are not considered, i.e. in the bromine only
mechanism, the temporal change of chemical species concentrations suggests that
ozone is completely destroyed after 5 days induction time and 40 hours depletion pro-
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cess assuming a boundary layer height of 200m. When the boundary layer height
increases, the whole depletion process is retarded, and the average principal bromine
concentrations are reduced. The importance of the bromine containing reactions on
the ozone depletion rate is identified using a relative sensitivity analysis of the chemi-
cal reaction rates. It is shown that as the bromine stock in the air is heavily enhanced
by the “bromine explosion” mechanism, the heterogeneous reactions related to HOBr
play an important role. The physical properties such as reactive surface area offered for
the heterogeneous reactions, determine the heterogeneous reaction rate, thus greatly
affecting the ozone depletion rates. It is found that the shortest ozone depletion period
caused by local chemistry ends after two days.

In model runs including NO, chemistry, the NO, concentrations are controlled by
different chemical cycles at different time periods. During the depletion process, the
most dominant NO, reaction cycle is related to BrONO, because of the enhanced
bromine concentration in the air. The importance of this chemical cycle is identified by
both the study of the reaction rate evolutions and relative sensitivities. A critical value
of 0.002 of the uptake coefficient of the BrONO, hydrolysis reaction at the aerosol and
saline surfaces is identified, beyond which the existence of NO, species accelerate the
ozone depletion event, whereas for lower values, retardation occurs. In the simulation
including the chlorine related mechanism, according to the calculated time integration
of Br and Cl radicals, the number of Cl atoms during depletion is less than 0.1 % of the
atomic Br radicals. Therefore, the chlorine containing species has minor direct effect on
the ozone loss. A parameter study of the reaction rate ratio, Kg,, /g,c), for Br, and BrCl
formation through Reactions (R15) and (R129) reveals that the chemical composition
of the surface has a strong impact on the ozone depletion rate.

The present study will be continued to develop a multi-dimensional model including
transport processes. In order to describe the typical polar stable boundary layer pre-
cisely, a fine mesh which basically has the grid size in the order of meters is needed
near the ground surface. According to Courant-Friedrichs-Lewy condition (Courant et
al., 1928), a time step smaller than 0.1 s is required for a typical polar wind speed of
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about 10ms™". This is difficult to fulfill for the relative long simulation time needed for
the ozone depletion.

The present study of ozone depletion reveals that the heterogeneous reactions for
the halogen activation are important during the depletion period but not during induction
time. Therefore, in a 3-D model, the induction period may be treated as a homogeneous
system and the heterogeneous reactions may be activated at the beginning of the
depletion period, which makes the 3-D computation much more efficient. Since the
duration of ozone depletion is about 1-2 days, the computation on a real time scale
then is affordable. Currently, a higher dimensional model including the transport of
air parcels and turbulent flow is being developed, and some preliminary results are
published by Cao and Gutheil (2011).

Supplementary material related to this article is available online at
http://www.atmos-chem-phys-discuss.net/13/24171/2013/
acpd-13-24171-2013-supplement.pdf.
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Table 3. List of ozone relevant reactions (Type F: Ozone formation; Type D: Ozone depletion).

Reaction No. Type
Oy +hv—>0+0, (R1) D
0+0, — 04 (R3) F
Br+0O; — BrO + 0, (R5) D
BrO + hv — Br + O4 (R7) F
OH + O3 — HO, + O, (R27) D
OH +OH + 0, — H,0 + O, (R30) F
HO, + O3 — OH + 20, (R31) D
C,H, +0; > HCHO+CO+H,0 (R36) D
20H+0, % H,0+ 0,4 (R54) F
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Table 4. List of important NO, relevant reactions (Type F: NO, formation; Type D: NO, deple-

tion).

Reaction No. Type
HNO, — HO, + NO, (R63) F
Br+ NO, — BrNO, (R77) D
BrO + NO, — BrONO, (R79) D
BrONO, + hv - BrO+NO, (R81) F
BrNO, + Av — Br+ NO, (R82) F
HNO, + v 2%, NO, +OH (R85) F
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Table 5. Overview of NO, relevant reaction cycles.

. Cycle
Reaction No. (Period)
HO, + NO, — HNO, (R62) N-I
HNO, — HO, + NO, (R63) (Induction)
BrO + NO, — BrONO, (R79)

BrONO, + hv — BrO+NO,  (R81) N-II

BrONO, 2 HOBr + HNO, ~ (R83, R86) (Depletion)
HNO, 229, NO, + OH (R85)

Br + NO, — BrNO, (R77) N-1ll

BrNO, + hv — Br+ NO, (R82) (After Depletion)
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Fig. 7. Time variation of ozone, nitrogen containing species and bromine concentrations for a
boundary layer height of 200 m.
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Fig. 11. Relative sensitivities of O5 and BrO concentrations at day 4 for a boundary layer height

of 200 m.
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