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Abstract. The tropospheric ozone depletion events (ODEs) and the related enhancement of reactive bromine in the boundary
layer were observed in the springtime of Arctic almost 40 years ago. It is found that various substrates in polar regions such
as the snowpack are able to release bromine, which is responsible for the consumption of ozone in the boundary layer. In
the present simulation, a snowpack module which represents the mass transfer between the ambient air and the snowpack is
implemented in a box model, aiming to clarify the influences of the snowpack on ODEs and the associated bromine explosion in
the ambient air as well as in the interstitial air of the snowpack. In the snowpack module, the processes including the deposition
of bromine containing compounds onto the snowpack, the mass exchange between the snow interstitial air and snow particles,
and the release of Br, from the snowpack to the ambient air are parameterized by estimating the transfer resistances which an
air parcel experiences when being transported through the boundary layer into the snowpack.

The present model successfully captures the complete removal of ozone both in the boundary layer and in the snow interstitial
air. The temporal and spatial distributions of bromine species such as Br, are shown and compared with observations. By
changing the properties of the snowpack, it is found that the size of snow grains, volume fraction of the liquid-like layer
(LLL), and the rate of the mass exchange between the snow interstitial air and the snow particles are the critical parameters
which determine the occurrence of ODEs. The simulation results show that a smaller size of the snow grains considerably
accelerates the ozone depletion process. Moreover, the decrease of LLL volume fraction in snow grains is found to slow down
the scavenging process of HOBr by the snow particles, which prohibits the occurrence of ODEs in the snowpack. In addition,
according to the simulations with the modification of the snowpack thickness, the depletion of ozone in the ambient air is
shown to be influenced more heavily by the bromine explosion occurring in the surface snow layers instead of the deep snow
layers.

The importance of each step in the mass transfer processes occurring between the boundary layer and the snowpack is
identified by conducting a local concentration sensitivity analysis. It is shown that the snow chemistry occurring in the surface
snow layers has a relatively larger impact on the depletion of ozone in the ambient air compared to that within the deep snow
layers. Besides, during the period of the ozone depletion, the mixing ratio of ozone in the boundary layer is mostly influenced

by the deposition of HOBr onto the surface snow layers and the release of Br, from the snow layers close to the ground surface.
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In contrast to that, in the interstitial air of the surface snow layer, the uptake of HOBr by snow particles is indicated as the most

dominant step for the ODE.

1 Introduction

Ozone (O;) is an important trace gas which was first discovered in Dr. Schoebein’s experiment on the water electrolysis
(Schoenbein, 1840). Due to its unique role in the atmosphere, ozone has attracted great and broad attentions. It acts as the
precursor of many oxidants in the atmosphere, and heavily controls the oxidation ability of the atmosphere. Moreover, ozone
is able to absorb most of the ultraviolet radiations from the sun as well as the long-wave radiation from the ground surface,
which alters the radiation budget on the earth. Thus, the study of ozone is always the focus of the scientific community.

In different layers of the lower atmosphere, two different ozone depletion episodes occur. In the stratosphere, the most well-
known ozone depletion phenomenon, “ozone hole”, is annually observed in the spring of Antarctic. The occurrence of this
phenomenon is attributable to the existence of the polar stratospheric clouds (PSCs), polar vortex, occurrence of the photolysis
reactions as well as the heterogeneous reactions in the stratosphere. In contrast, in the troposphere, a different type of ozone
depletion events (ODEs) occurs in the springtime of polar regions. These tropospheric ODEs were first observed by Oltmans
(1981) by using two different types of ozone detectors in the year 1978 at Barrow, Alaska. It is found that within a couple
of days, the surface ozone mixing ratio declines from the background level to less than 1 ppb or even under the instrument
detection limit, and these tropospheric low-ozone episodes last for several days. Later, in the year 1985, Bottenheim et al.
observed a similar ozone depletion event at Alert, Canada, which confirms the finding of Oltmans (1981). Moreover, in a
following field study during April 1986, Barrie et al. found an elevation of the mixing ratios of bromine species during ODEs.
Since then, a number of ODEs and related enhanced bromine concentrations in the troposphere have been reported from various
sites of Arctic (Helmig et al., 2007c, 2012; Halfacre et al., 2013) and also from several observation stations in Antarctic (Kreher
et al., 1997; Frief et al., 2004; Jones et al., 2006; Wagner et al., 2007; Jones et al., 2009, 2010).

The tropospheric ODEs occurring in the springtime of Arctic have a great influence on the human beings and the climate
on the earth (Simpson et al., 2007). During ODEs, the oxidation ability of the atmosphere is dominated by the enhanced
bromine oxidants instead of ozone. Thus, the final products of chemical reactions in the troposphere and the lifetime of many
atmospheric components are altered. For instance, compared with the ozone-rich environment in Arctic, the gas-phase mercury
(Hg) in Arctic during ODEs becomes more easily oxidized by the reactive bromine species. As a result, more reactive gaseous
mercury (RGM) are formed and then land on the snow and ice surface through deposition processes. When the temperature
increases in the late spring or summertime, the deposited RGM are carried by the water from the melting ice and snow, and flow
into the ocean. Through the oceanic circulation, the extra Hg would finally enter the body of human beings at mid-latitudes,
damaging their health. Aside from this impact on the oxidation ability of the atmosphere, another major influence of ODEs is
that as ozone is a typical greenhouse gas which can absorb the long-wave radiation emitted from the earth and keep the surface

warm, the decline of the ozone mixing ratio in the troposphere decreases the temperature of polar regions, which alters the
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melting speed of glacier and the climate in polar regions. This impact of ODEs on radiative forcing is more obvious in polar
regions where the content of water vapor is poor in the atmosphere.

Since the observation performed by Barrie et al. (1988) showing the high bromine level during ODE:s, the role of the halogen
species in the depletion of ozone has been noticed. The temporal behavior of the halogen species especially bromine shows an
anti-correlation with the ozone mixing ratio, which indicates the importance of bromine in the destruction of ozone. Previous
studies (Hausmann and Platt, 1994; Platt and Honninger, 2003; Simpson et al., 2007; Abbatt et al., 2012) have suggested that
the bromine species are involved in an auto-catalytic reaction cycle, which converts ozone to oxygen molecules without any
loss of bromine. Moreover, a “bromine explosion” mechanism which is able to explain the sharp increase of the bromine level
in the troposphere is proposed. The gas phase hypobromous acid (HOBr) produced by the oxidation of BrO is absorbed by
various polar substrates such as the suspended aerosols, and then reacts with bromide ions stored in these substrates, forming
Br,. The Br, molecules produced by the reactions between HOBr and bromide gather at the surface of the substrates and then
evade into the ambient air, leading to the enhancement of bromine concentration in the air. In the presence of sunlight, Br,
molecules are photolyzed, forming Br atoms which are able to consume ozone. As a result, ODEs are accelerated. A thorough
review of the bromine explosion mechanism for ODEs is provided by Platt and Honninger (2003), Simpson et al. (2007) and
Abbatt et al. (2012).

A number of numerical models have been developed to improve the understanding of the ODE-related physical and chemical

processes. The existing models can be categorized as follows:

1. Box models. The box models, or called 0-D models, are the first models used to study ODEs. In the early 1980s, by using
box models, a lot of efforts were paid to investigate the heterogeneous recycling processes at various substrate surfaces
and identify the sources of bromine during ODEs (Fan and Jacob, 1992; Tang and McConnell, 1996; Michalowski et al.,
2000; Evans et al., 2003). The potential bromine sources proposed in these studies include: ice surface, snowpack, sea
salt aerosols, frost flowers and blowing snow. Since the year 2000, the triggering of ODEs has been studied by using
box models (Sander et al., 2006; Morin et al., 2008; Sander and Morin, 2010). In the year 2014, Cao et al. (2014) use a
box model KINAL to calculate the local concentration sensitivity of a reaction mechanism of ODEs, revealing a group

of important reactions for the occurrence of ODEs.

2. One-dimensional models. According to the simulation results of a one-dimensional model, Lehrer et al. (2004) proposed

the turbulent mixing intensity at the top of the atmospheric boundary layer as the key factor for the occurrence of ODEs
by showing that a layer of low mixing intensity (i.e. a temperature inversion) is a prerequisite for the bromine explosion
preceding ODEs. In the year 2008, Saiz-Lopez et al. (2008) developed a one-dimensional chemical transport model
THAMO (Tropospheric HAlogen chemistry MOdel), showing the snowpack emission of Br, to be important for main-
taining the high level of bromine in the boundary layer during ODEs. Besides, it is also found by Saiz-Lopez et al. (2008)
that the recycling of bromine on sea salt aerosols is essential for yielding a uniform BrO vertical distribution. Thomas
et al. (2011, 2012) use a 1-D model MISTRA-SNOW with the implementation of a snow module, and they suggest

that the heterogeneous recycling processes on the sea salt aerosols and the snowpack are essential for the occurrence of



10

15

20

25

30

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-553, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 7 July 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

ODEs. The importance of snowpack is also suggested by Toyota et al. (2014) by using a 1-D model PHANTAS. It is
found by Toyota et al. that in the top layers of the snowpack, the release of Br, is dominantly driven by the bromine
explosion mechanism. In contrast, in deeper layers of snowpack, both the aqueous radical chemistry and the bromine
explosion mechanism contribute to the bromine evasion to the boundary layer. Recently, a 1-D model, KINAL-T, has
been developed by Cao et al. (2016), aiming to investigate the linkage between the height change of the atmospheric

boundary layer and the occurrence and termination of ODEs.

3. Three-dimensional models. By adopting BrO data from satellite observations, Zeng et al. (2003, 2006) successfully
reproduce ODESs by using a 3-D model. In the year 2008, a global 3-D model, GEM-AQ/Arctic, is used by Zhao et al.

(2008), and their 3-D model includes a chemical reaction module and a long-range transport module. Zhao et al. (2008)
suggest that the aerosols derived from the frost flowers might be a major source of bromine during ODEs. Yang et al.
(2008, 2010) use a 3-D model to investigate the implications of bromine for the tropospheric ozone in polar regions,
and they suggest that the blowing snow might be a source of bromine in the troposphere. Another version of GEM-AQ
model with the incorporation of gas-phase and heterogeneous bromine chemistry is employed by Toyota et al. (2011) to
explain the bromine sources for the BrO-clouds observed in Arctic boundary layer during ODEs (Chance, 1998; Richter
et al., 1998; Platt and Wagner, 1998; Wagner et al., 2001). In their modeling results, oxidation of Br~ by ozone at the
snow/ice-covered surfaces is indicated as the primary source of the reactive bromine. Cao and Gutheil (2013) use a 3-D
model with the incorporation of large eddy simulation to identify the influence of the turbulent mixing in the boundary
layer on ODE:s. In this publication, the impacts of the meteorological conditions such as the wind speed and the boundary

layer stability on ODEs are discussed as well.

Despite these existing numerical studies on ODEs and the related bromine explosion mechanism, the source of the high-level
bromine during ODEs still remains as a matter of debate. The suggested potential bromine sources include sea-salt aerosols,
ice/snow-covered surfaces, frost flower fragments lifted by wind, blowing snow under strong wind conditions and organic
emissions. Moreover, the suggested chemical mechanisms encompass the bromine explosion, oxidation of bromide by ozone,
and OH reactions. Recently, the importance of snowpack for releasing bromine is identified. Snow, which covers most areas of
polar regions, contains a large amount of bromide and chloride ions. Thus, adequate reactive bromine can be provided by the
snowpack in Arctic for the ozone destruction. Moreover, due to its porous property and the enlarged surface area, snowpack
may facilitate the heterogeneous recycling of the bromine species. As a result, the ozone consumption in the boundary layer
might be favored due to the presence of the snowpack.

The significance of the snowpack during ODEs has also been suggested by several previous studies. In the multiphase box
model CREAMS (Chemical Reactions Modeling System) used by Michalowski et al. (2000), the increased amount of bromine
during ODE:s is assumed to partly originate from a disordered water layer of the snowpack. It is found in their model that after
switching off the entire snowpack interactions, the ozone depletion process is shut down, which indicates that the snowpack
plays as the primary source of bromine. Saiz-Lopez et al. (2008) used the one-dimensional model THAMO to investigate

the source strengths of bromine and iodine required for sustaining the vertical structure of BrO and IO observed at Halley
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Station during the CHABLIS field campaign. In their model, prescribed Br, and atom I fluxes from the snowpack are included.
It is found that the Br, flux emitted from the snowpack is essential for keeping the model simulations in accordance with
DOAS measurements in the field campaign. Thomas et al. (2011, 2012) coupled a snow module to the 1-D atmospheric model
MISTRA, and the new physical-chemical system is referred to as MISTRA-SNOW. The uptake, recycling and release of
bromine and reactive nitrogen oxides (NO, ) in the interstitial air of snowpack are treated in great detail. After three-day model
run, it is found by Thomas et al. that a significant bromide is still available in the liquid-like layer of the snowpack, which
indicates that the snowpack is able to provide adequate reactive bromine to sustain the observed BrO level. However, neither
in the boundary layer nor in the interstitial air of snowpack a strong destruction of ozone is observed in their model results. In
a recent numerical study of Toyota et al. (2014), a 1-D physical-chemical model PHANTAS with a detailed treatment of the
chemistry within the ambient and the snow interstitial air is developed to address the influence of snowpack on the ozone loss
in the polar boundary layer. In their model, the snowpack acts as the sole bromine source and releases reactive bromine via
the bromine explosion mechanism. The rapid ozone depletion as well as the enhanced bromine both in the boundary layer and
within the interstitial air are successfully captured in the PHANTAS model.

Although the significance of the snowpack during ODEs has been investigated by the studies mentioned above, the uncer-

tainties regarding the role of snowpack in ODEs remain large. The unanswered questions include:

1. What is the influence on the ozone depletion rate caused by changes of the physical properties of the snowpack?

The snowpack can be represented by the physical parameters such as the thickness of the snowpack, density, liquid-like
layer (LLL) volume fraction, and snow grain radius. Our current understanding of the impacts caused by the changes of
these snow properties on the ozone consumption is still poor. Take the snowpack thickness for instance, if the thickness
increases, the surface area provided by the snowpack for the heterogeneous bromine recycling is enlarged, which may
speed up ODEs in the boundary layer. However, as the diffusion in deeper layers becomes slower, the release of bromine
from the snowpack increases less than proportional with the snowpack thickness. Therefore, it is difficult to estimate the

impacts on the ozone depletion rate brought about by the change of the snowpack thickness during ODE:s.

2. What is the relative importance of each step in the bromine explosion mechanism for the ozone destructions in

the boundary layer and in the snow interstitial air?

As the sequence of the bromine explosion mechanism in snowpack consists of multiple steps including the deposition
of gas-phase HOBr through the boundary layer, wind ventilation through the snowpack interstitial air, aqueous reactions
occurring in the liquid-like layer of the snow grains, and the release of Br, from the snowpack to the ambient air, it
is of essential to know which step in this sequence is rate-determining as it critically controls the occurrence of the
bromine explosion and the ozone depletion in the boundary layer as well as in the snow interstitial air. Moreover, as
the dependence of the ozone mixing ratio on each step varies with time, it is also needed to clarify the steps which

significantly influence the ozone depletion rate in the time periods before, during and after ODE:s.

Therefore, in the present study, we aim to address the issues listed above. The organization of the manuscript is as follows.

In Sect. 2, the model used in the present study and the relevant mathematical equations are described. Great attention is paid
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to the detailed treatment of the mass exchange between the boundary layer and the snowpack. Next, the computational results
are presented in Sect. 3. At the beginning of Sect. 3, the temporal evolution of ozone and bromine species are shown. The time
scales of the simulated ODEs and the mixing ratios of the chemical species such as BrO and Br, during ODEs are compared
with the results obtained in previous studies. Later on, different values of the snowpack properties such as the diameter of
the snow grains are tested in order to investigate the influences caused by these changes on ODEs. At the end of Sect. 3, the
relative importance of each step in the sequence of the bromine explosion mechanism on the depletion of ozone is indicated
by performing a local concentration sensitivity analysis. At the end of the manuscript, Sect. 4 gives a summary of the major

conclusions obtained in the present study. Possible improvements of the present model for future studies are also discussed.

2 Mathematical Model and Methods

In order to investigate the mass exchange among the snowpack, snow interstitial air and the ambient air in the overlying
boundary layer, a new box model KINAL-SNOW (KlInetic aNALysis of reaction mechanics with SNOW chemistry) were
developed by adding a snowpack module to the previous box model (Cao et al., 2014) based on the open-source software
KINAL (Turanyi, 1990). In KINAL-SNOW, the temporal change of the species concentrations in a complex chemical reaction

mechanism can be expressed as a function of the species concentrations ¢ and the rate constants k of the chemical reactions,

d
d—j — f(c,k) + E. "

In Eq. (1), ¢ is a column vector of the species concentrations, and c¢; represents the concentration of the ¢-th species. ¢ is the
time. k denotes a column vector of the reaction rate constants, and the j-th component, k;, represents the rate coefficient of
the j-th reaction. E denotes the source term of local emissions. In KINAL-SNOW, the solution of Eq. (1) is obtained by using
a fourth-order semi-implicit Runge-Kutta scheme (Gottwald and Wanner, 1981).

For the purpose of considering the conversion from the relatively stable bromine containing compounds (e.g. HOBr) to Br,,

which occurs at the surfaces of the snow grains, we implemented a snowpack module which is described below.
2.1 The Representation of Snowpack in the Model

A snowpack with a depth of 35 cm (Toyota et al., 2014) is adopted in the model KINAL-SNOW and is divided into 7 uniform
layers so that each snow layer has a thickness of 5cm. According to the measurements conducted during the Polar Sunrise
Experiment (PSE) in the year 1994 and 1998, a typical snowpack density of 0.31 gcm~2 (Michalowski et al., 2000; Toyota
et al., 2014) is used in the present model. Thus, in each layer of the snowpack with the volume Vg = 5c¢m? and 1 cm? cross-
sectional area, the volume of the liquid content V7, = 1.68 cm? is obtained if the density of ice is approximately assumed
as 0.92 gecm™3 (Toyota et al., 2014). The interstitial air thus occupies the volume of Vi = 3.32 cm? so that the porosity ¢ =
V1/VE = 0.66 is obtained. In the present model, the snow particles are assumed to be spherical and have the diameter D
of 1 mm (Michalowski et al., 2000; Thomas et al., 2011). Thus, the total surface area provided by the snowpack with the

thickness h; = 35 cm can be estimated as Ap, = Vi, x hy/(D/6) = 7.08 x 102 m?, and within each snow layer, the surface
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area Ar,; = AL/7=1.01 x 1072 m? is estimated. With respect to the whole computational domain with the boundary layer
height of L, the surface area density Aeq,; of each snow layer in the simulation is calculated as Aeg; = Ap, ; /(L x 1 cm2), and
the value of A ; = 0.505m™! is obtained for a typical polar boundary layer height L = 200 m which is used in the present
model.

Figure 1 shows the major steps of the mass exchange between the boundary layer air and the snowpack. We take the gas-

phase HOBr in the boundary layer as an example, the complete exchange process can be divided into five steps:

1. The transfer of the chemical species from the boundary layer to the snowpack interstitial air

At the beginning of this process, the gas-phase bromine containing compounds such as HOBr are carried from the
boundary layer to the surface of the snowpack through the turbulent mixing and the molecular diffusion. Afterward, as
a result of the wind pumping and the molecular diffusion, the HOBr molecules enter the snowpack and land on different
layers of the snowpack. To simulate this process, it is needed to consider the aerodynamic resistance r,, quasi-laminar
resistance 73 due to the molecular diffusion, and 5 which represents the vertical resistance that an air parcel undergoes

when across different layers of the snowpack.

2. The scavenging process of the bromine species in the snow interstitial air by the snow grains

The HOBr molecules residing in the interstitial air frequently collide with the snow particles and are absorbed into the
liquid-like layer of the snow grains. The formed liquid-phase HOBr are then involved in a bunch of aqueous reactions
and facilitate the formation of Br,. The related aqueous reactions are discussed below. According to the previous study
(Michalowski et al., 2000), it is assumed in the present model that this exchange process is similar to the mass exchange
between the boundary layer air and the suspended aerosols, which depends on the radius of the snow particles, molecular

diffusivity, and the value of the uptake coefficient of HOBr on the surfaces of the snow grains.

3. The aqueous reactions converting bromide to Br, in the liquid-like layer of the snow particles

After the absorption of the gas-phase HOBr by the snow grains, the liquid-phase HOBr is formed and involved in the

liquid reaction sequence as follows,

HOBr + HY + Br™ % Br, + 11,0, (R1,R2)
HOBr + H* + C1™ Z: BrCl + H,0, (R3,R4)
BrCl + Br™ % Br,Cl, (R5,R6)
Br,Cl % Br, +Cl™. (R7,R8)
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Reaction (R1) consumes H' and bromide ions stored in the snow, forming Br, which is then released to the interstitial
air. However, the chloride storage in the snow is much larger than bromide. It is suggested that the Cl /Br™ ratio in the
seawater reaches as high as 650:1 (Finlayson-Pitts and Pitts, 2000; Foster et al., 2001). When the seawater is deposited
on the icepack through the snow falls, CI" and Br~ ions concentrate, leading to the decrease of the C1/Br™ ratio to
188:1. The typical CI /Br™ ratio in the snowpack measured in polar regions such as Alert ranges from 50 to 650 (Foster
et al., 2001; Toom-Sauntry and Barrie, 2002). As a result, the majority of the aqueous HOBr molecules participate in the
reaction sequence of (R3)-(R8), in which both BrCl and Br, are formed. However, due to the decreased solubility of Br,

compared to BrCl, the release of Br, from the snow particles is favored.

These aqueous reactions are assumed to occur within the liquid-like layer (LLL) of the snowpack. LLL is a thin film
covering the ice surface which consists of disordered water molecules. It is first discovered by Faraday (1859) from the
experiments made at the temperature below the melting point of ice. The thickness of the LLL increases in the presence
of the impurities, and the dissolved constituents concentrate in the LLL. Considering the current poor knowledge about
the LLL on snow grains, we use a constant volume fraction of LLL which is taken from Michalowski et al. (2000), 0.2%

in the snowpack. Aside from this, a uniform distribution of the soluble in the LLL is also assumed.

4. The release of Br, from the snow particles to the interstitial air

After the formation of gas-phase Br, molecules at the surfaces of the snow grains, Br, are then emitted to the interstitial
air of the snowpack. This process is similar to step 2 mentioned above. However, different chemical species have different
values of the mean molecular speed, uptake coefficient and Henry’s constant. Thus, the exchange rate between the snow

grains and the interstitial air should be estimated separately for each chemical species considered in the model.

5. The emission of Br, from the snowpack interstitial air to the boundary layer

The gas-phase Br, molecules in the snow interstitial air are then released to the boundary layer via the turbulent mixing
and the molecular diffusion. The outgassing of Br, to the boundary layer leads to the enhancement of the total amount
of bromine in the boundary layer and also the acceleration of ODEs in the presence of sunlight. In our model, the
parameterization of this emission process is as similar as that used for step 1. This treatment is also adopted in the

previous numerical study conducted by Michalowski et al. (2000).

In the following context, the details of the parameterizations of these five steps for the snowpack module are discussed.
2.1.1 Step1

In the present model, for simplicity, we only consider the deposition of HOBr and BrONO, on the snowpack. The transfer of

air parcels containing HOBr and BrONO, from the boundary layer to the interstitial air can be expressed as

HOBr, .., , =2, HOBr, (R9)

(BL) SIAQ)?
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BrONO, 5 ) =% BrONO, g ;). (R10)

In reactions (R9) and (R10), the subscript “BL” denotes the boundary layer air, while “SIA,2” represents the snowpack inter-
stitial air in the ¢-th layer. The estimation of the reaction rate constant k9 depends on the parameterization of the aerodynamic
resistance r,, quasi-laminar resistance 7, and the vertical resistance r, across each layer within the snowpack.

The aerodynamic resistance, r,, in the boundary layer can be estimated by using Eq. (2) with neglecting the molecular
diffusion in the boundary layer,

Zs

Tq= /(nu*z)_ldz =

20

o ln(%). 2)
In Eq. (2), 2, is the height of the surface layer which is approximately 10% of the boundary layer height (Stull, 1988). In the
present model, a boundary layer height L = 200 m is assumed since the typical thickness of the boundary layer in polar regions
ranges from 100 m to 500 m (Stull, 1988). Therefore, z, has the value of 20 m in the present study. zo = 10~* m is the roughness
length of the snowpack surface (Stull, 1988). The variation of the roughness length due to the mobility of the snowpack under
high-wind conditions (Andreas et al., 2004) has not been included in the model yet. kK = 0.41 is the von Karman’s constant,

and u, is the friction velocity which is estimated as

Zs

s = (kW) /In(=). 3)

20

1

In Eq. (3), W is the reference wind speed at the height z;, and a typical wind speed W = 8 ms™" in Arctic is used (Beare et al.,

2006; Cao et al., 2014). Thus, for HOBr and BrONO,, the aerodynamic resistance across the boundary layer is

1 z
o= —5—(Mm(Z)?=111sm™ .
T KZQW( H(Zo)) 1sm (4)

After being carried through the boundary layer, HOBr and BrONO, molecules experience the resistance 7, due to molecular
diffusion in the interfacial layer. In this layer, the molecular diffusion dominates instead of the turbulent diffusion. According
to Huff and Abbatt (2000, 2002), the quasi-laminar resistance 7, can be estimated as

20

Ty = )
D
g

®)

in which D, is the molecular diffusivity and is assumed to have a constant value 0.2 cm?s~! (Lehrer et al., 2004) for each
chemical species. As a result, 7, is calculated as 7, = z9/Dg = (107% m) /(0.2 x 107 m?s™1) = 5 sm~! for both HOBr and
BrONO,.

When a strong wind blows over the snowpack with irregular geometries, a pressure variation along the streamline above
the snowpack is formed. The pressure gradient within the snowpack also leads to a ventilation of the air through the layers of
the snowpack, which is called “wind pumping”. Thus, the vertical movement of the trace air parcel through the snow layers

depends on not only the molecular diffusion but also the diffusion due to wind pumping. To account for the wind ventilation in
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the snow interstitial air, an additional diffusivity Dpump,; is added to the overall effective diffusivity Deg ; within the snowpack
(Thomas et al., 2011; Toyota et al., 2014),

Daiti = fgg + Dy ©)
The first term in the right hand side of Eq. (6) represents the effective molecular diffusivity (Thomas et al., 2011; Toyota et al.,
2014). 74 is the tortuosity of the snowpack and has a value of 2 for polar snowpack (Albert and Shultz, 2002). The estimation

of Dpump,s is taken following the work of Thomas et al. (2011). It is calculated using the expression as
Dpump,i = Uﬁrn,iAZa (7)

in which Az is the thickness of each snowpack layer in the model. In our present model, 5 cm is used. Ug,y ; in Eq. (7) denotes

the vertical wind pumping speed which can be written as Eq. (8) according to Cunningham and Waddington (1993),

6k/’pair h m 2 Zi
Ui rn,i — w ——), 8
firn, 7T.u>\surf >\surf @ eXp( 5) @)
where ¢ is defined as
1 a )\surf (9)

R B e
In Eq. (8), k is the permeability, p.;, is the air density and a constant value 1.29kgm~2 is given. y is the dynamic viscosity
of air, and Ayt is the relief wavelength. h is the relief amplitude. « is the aspect ratio of the relief between the horizontal
and vertical directions. The values of these parameters are taken from Thomas et al. (2011) and listed in the supplementary
material. W = 8 ms~1 is the reference wind speed at the height of 20 m. z; is the depth of the central point of the i-th snowpack
layer from the ground surface. It can be seen from Eq. (8) that the wind pumping rate decreases with depth, representing that
the snow in deeper layers is less accessible. The vertical resistance of the i-th snowpack layer is then computed as
2/ Dett i, ifi=1,
Tsi = (10)
Tsi—1+ (2 —2zi—1)/Desr,i, f1<i<T.
With respect to the seven snow layers considered in the model, the vertical resistances 7, (;—1,...,7) have the values of 1597,
6597, 11597, 16597, 21597, 26597 and 31597 sm— !, respectively.
The deposition velocity vq ; of gas-phase HOBr and BrONO, on the ¢-th layer of the snowpack is thus calculated as

Vai = (ra +7p+760) (11
The rate constants of reactions (R9) and (R10), kg and k1, for the i-th layer are thus calculated as
kg,z‘ = klO,i = 'Ud,iAcff,i» (12)

in which A.g; = 0.505 m~! is the surface area density of each snow layer which has been discussed above. The values
of the reaction rate constants kg (;—1,...,7) for the seven layers in the present model are 2.95 x 1074571, 7.53 x 107°s7 1,
4.32x 1075571 3.02x 107 %571, 2.33x 107557, 1.89 x 107°s~ ! and 1.59 x 10~°s~!. The rate constants for reaction

(R10), k19,(i=1,...,7)» have the same values.

10
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2.1.2 Step2

After arriving at each layer within the snowpack, the gas-phase HOBr is absorbed by the snow particles. This scavenging

process can be written as

HOBr g, ;) < HOBr,

(R11,R12)
k12

liquid,i)*

In reactions (R11) and (R12), the gas-phase HOBr and the liquid-phase HOBTr in the ¢-th layer are converted to each other. In
contrast to that, the absorption of the gas-phase BrONO, by the snow grains is not included in the present model yet. Instead,

BrONO, in the snow interstitial air is assumed to be involved in a heterogeneous reaction (R13),
BrONO, g, ;) +H,0 25 HOBr . 1y ) +HT +NO3. (R13)

In reaction (R13), the hydrolysis of BrONO, contributes to the formation of liquid-phase HOBr and H* ions in the liquid-like
layers of the snow grains. As these two resultants participate in the bromine explosion mechanism, it can be expected that
reaction (R13) would consequently speed up the bromide activation from the snowpack.

The question remaining is that how to accurately estimate the rate constants of reactions (R11), (R12) and (R13) in the model.
For reaction (R11), our parameterization is similar to the method used by Schwartz (1986) for the mass transfer between the

boundary layer air and the suspended aerosols. The transfer rate, k11 ;, in each snowpack layer is represented as

r 4 A ;
kll .= (7 + —141LLL,s )
’ Dg Utherm"Y 14

13)

In Eq. (13), 7 = 0.5 mm is the radius of the snow grains. Dy = 0.2 cm? s~ is the gas-phase molecular diffusivity. Vgherm is the

molecular mean speed, and is given by vtherm = \/ (8RT)/(m Muogs:) = 237.13m s~ for HOBr. ~ is the uptake coefficient
of HOBr on snow grains. A constant value v = 0.06 is used for HOBr (Sander and Crutzen, 1996). The term Ay, ;/V is the
surface area density of the liquid-like layer in the i-th snow layer of the computational domain. In previous model studies, a
constant volume fraction of the LLL is normally used (Michalowski et al., 2000; Liao and Tan, 2008; Thomas et al., 2011) Thus,
in the present model, we adopted a constant value 0.2% from the multi-phase box model constructed by Michalowski et al.
(2000). As a result, the term Ay, ;/V can be written as (0.002 x Ay, ;)/V. At present, the increase of the snow density with
depth is not considered in the model. Thus, Ay, ; is assumed as a constant and has the value of 1.01 X 1072 m? as discussed
above. Because all the units of the species concentrations in our model are converted to molecules/(1 cm® boundary layer
air), in Eq. (13), V =(boundary layer height 200 m) x (cross-sectional area 1 cm?) is used instead of the total volume of the
snowpack. The rate constant for reaction (R11) k11 ; = 4.0 x 10~5s~! is thus obtained for each snowpack layer.

With respect to the reverse reaction (R12), according to Michalowski et al. (2000), the rate constant of reaction (R12) is
equal to the rate constant of the forward reaction divided by the dimensionless Henry’s law constant H RT' and the total

volume fraction of the LLL in the computational domain,

k11, /(VLLL).

HRT'\V (19

ki2; =

11
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In Eq. (14), H is the Henry’s law constant of HOBr which has the value of 4.8 x 10! mol (L atm)~! (Sander and Crutzen,
1996; Michalowski et al., 2000). R = 0.082 (L atm) (mol K)~! is the universal gas constant. T is the temperature, and a
constant value 258 K is used in the model. Vi,11,/V is the total volume fraction of the LLL, and it is estimated as Vi,p,/V =
(0.2% x W, t0t)/V = 1.18 x 1075, in which V4, ;o1 denotes the total liquid volume in the snowpack. As a result, the reaction
rate constant k12 ; can be computed as 3.34 x 1072 s~ 1.

Similarly, the parameterization of the heterogeneous reaction (R13) can be conducted using the same expression as Eq. (13)

-1

to derive the first-order reaction rate constant k13 ;. As the molecular mean speed of BrONO, is estimated as 196.13ms ™ at

the temperature 258 K, the value of k13,; = 3.99 x 107° s~ ! is obtained.
2.1.3 Step3

Currently, four groups of the liquid reactions, (R1)-(R8), is included in the KINAL-SNOW model. The aqueous reaction rate
constants are listed in Tab. 1. As mentioned above, the unit of the species concentrations used in the present model is in the form
of molecules/(1 cm? boundary layer air). Thus, the original liquid reaction rate constants should be divided by (Virr/V)" !,
in which n is the reaction order. The prescribed species concentrations in the snowpack are listed in Tab. 2 which represent the
average concentrations in the wintertime bulk snow samples (Toom-Sauntry and Barrie, 2002). A PH value of 4 is initialized
for the melted surface snow. It is assumed in the model that the bromide and chloride storage observed in the melted surface
snow are all concentrated in the LLL. Therefore, the exact initial concentrations of Br~, ClI” and H" used in the model are
divided by the volume fraction of the LLL in the snowpack, 0.2%, which gives the initial concentrations of Br~, Cl~ and H* in

the liquid-like layer the values of 1.00 x 10~*mol L™, 4.50 x 10~3mol L =" and 5.00 x 10~2 mol L™, respectively.
2.14 Step4

The Br, molecules formed in the liquid reaction sequence (R1)-(R8) are rapidly emitted to the interstitial air through a similar
exchange pathway as described in step 2. The transfer of Br, between the interstitial air and the snowpack particles can be

written in the form of

JLITIG

BrQ(SIA,i) o 2(liquid,i)’ (R14,R15)

Similar to step 2, the rate constants of reactions (R14) and (R15) are parameterized using Eqgs. (13) and (14). The molecular
mean speed of Br, is calculated as 184.77 ms~! with the temperature 258 K. According to Sander and Crutzen (1996) and
Michalowski et al. (2000), The uptake coefficient v = 0.01 is used for Br, in the present model. The reaction rate constants are

then calculated as k14, = 3.72 x 1075571 and k15, = 1.19 x 10! s~! for every snow layer.
2.1.5 StepS5
The last step of this sequence is the release of Br, molecules from the interstitial air to the ambient air in the boundary layer,

k1
Brygia g — Bry gy, ;) (R16)

12
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As this process is also dominated by the combined effect of the turbulent mixing in the boundary layer, molecular diffusion
through the interfacial layer and the influence of wind pumping within the snowpack, we adopted the same values of the
transfer coefficients used in step 1. This assumption has also been justified by Michalowski et al. (2000). The rate constants
of reaction (R16) for each layer are 2.95 x 1074571, 7.53 x 1075571, 4.32 x 1072571, 3.02 x 1079571, 2.33 x 10~ °s 71,
1.89 x 107°s~ ! and 1.59 x 1072 s~ 1,

2.2 The Representation of Suspended Aerosols in the Model

The importance of the aerosols for ODEs is identified for releasing bromine and providing surfaces for the recycling of the
halogen species, although it is found in previous studies that the suspended aerosols alone are unable to sustain the high-level
bromine (Impey et al., 1997, 1999; Michalowski et al., 2000; Lehrer et al., 2004; Cao et al., 2014). Generally speaking, the
treatments of the suspended aerosols in previous model studies can be divided into two categories. The first type is that the
aerosols in the model are assumed initially halogen-free. The aerosols play the role of absorbing gas-phase HOBr and HBr,
and providing the place for the heterogeneous bromine recycling. The other type of the aerosol treatment implemented in
previous models is preformed by assuming that the aerosols in the model play as a direct source of the bromine emission. As
the focus of our present study is on the mass exchange between the boundary layer air and the snowpack, the former type of
the parameterization which is more convenient to be implemented in the box model is adopted (Lehrer et al., 2004; Cao and
Gutheil, 2013; Cao et al., 2014). It is assumed that there is no initial bromide or chloride storage in the suspended aerosols in
the boundary layer. As a result, the release speed of Br, by the aerosols is limited by the uptake of both HOBr and HBr in the

boundary layer, which can be written as the form of
k17
HOBr(g) + HBr(g) — Br2(g) +H,0. R17)

The second-order exchange rate constant k17 can be expressed as

r 4
vy = (—
1 (Dg + VthermY

)~ et 5)

where 7 is the average radius of the suspended aerosols. D, in Eq. (15) denotes the gas-phase molecular diffusivity, and vsherm
is the mean molecular speed of HOBr. v represents the uptake coefficient of HOBr on aerosols, and the estimation of v depends
on the absorption rate of both gaseous HOBr and HBr by the suspended aerosols and the rate of the aqueous reaction between
HOBr and HBr (Hanson et al., 1994). a.g is the surface area density of the suspended aerosols, which represents the total area
provided by the aerosols divided by the total volume of the computational domain. The details of this parameterization can
be found in Lehrer et al. (2004) and Cao et al. (2014). It is estimated that for a gas-phase HBr mixing ratio of 10 ppt, the rate

constant of reaction (R17) is 6.14 x 10~4s~! when HOBr is abundant.
2.3 The Calculation of the Photolysis Frequencies

For the photolysis reactions occurring in the boundary layer, the first-order reaction rates used in Lehrer et al. (2004) are taken

(see Tab. 3). These values are calculated by using a three-stream radiation transfer model (R6th, 1992, 2002). The diurnal

13
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variation of the reaction rate has not been included in the present model yet. We have performed a sensitivity analysis to
evaluate the influence on the ozone depletion rate brought about by the inclusion of the dark reactions and the change of SZA
(Solar Zenith Angle), and only a slight difference is found for the depletion rate of ozone and the peak values of the bromine
species during the time periods simulated. Moreover, earlier studies (Lehrer et al., 2004; Cao et al., 2014) have also proved that
the change of SZA has little effect on the temporal behavior of ozone and halogen species.

Within the snowpack, less sunlight is available in deeper layers. Therefore, the dependence of the photolysis frequencies on
the depth should be taken into account. According to Thomas et al. (2011) and Toyota et al. (2014), the photolysis frequencies

at different depth z; are calculated as
J(z;) = Joexp(—zi/ex). (16)

In Eq. (16), J(2;) is the photolysis frequency in the snowpack at the depth z;. Jy is the photolysis frequency at the surface of
the snowpack, which is assumed equal to the one in the ambient air. €), is defined as the e-folding depth (King and Simpson,
2001), and the value €, = 7.5 cm (Toyota et al., 2014) is adopted. Thus, the photolysis frequency in the interstitial air of each
snow layer is derived by multiplying the photolysis frequency at the snowpack surface by the factor 0.717, 0.368, 0.189, 0.097,
0.050, 0.026 and 0.013 for the seven snow layers, respectively.

2.4 Model Initialization and Simulation Scenarios

The initial mixing ratios of the gas-phase species in the boundary layer and the interstitial air are listed in Tab. 4. It is assumed
that at the beginning of the simulation, the air in the boundary layer and the snow interstitial air contain 0.3 ppt Br, and 0.01 ppt
HBr, which can be provided by the photo-dissociation of bromoform (CHBr;) (Tang and McConnell, 1996). All other trace
gases not listed here have an initial concentration of zero.

The reaction steps representing the mass exchange between the boundary layer air and the snowpack are added to the
original reaction mechanism taken from Lehrer et al. (2004) and Cao et al. (2014). Some new reactions are added and the
reaction rate constants are also updated according to the latest version of the chemical kinetic data (Atkinson et al., 2006). A
constant temperature of 258 K (Lehrer et al., 2004) is adopted for the estimation of the reaction rates. The updated reaction
mechanism consists of 90 chemical reactions among 39 species, which is listed in the supplementary material. At present,
bromine is considered as the only gas-phase halogen species in the model. Since in our model, seven snow layers as well as
the atmospheric boundary layer are taken into account, the reaction mechanism taken from Lehrer et al. (2004) and Cao et al.
(2014) should be applied to each layer of the model, leading to the total number of the reactions applied in the model amounting
to 720 and the number of the chemical species to 312. After that, the mass exchange processes between the boundary layer air
and the snowpack which have been described in Sect. 2.1 are added to the reaction mechanism as reactions (R721)-(R832) (see
the supplement), and additional 49 aqueous-phase species within seven snow layers are also included.

In observations, several chemical species such as nitrogen oxides (NOx) and formaldehyde (HCHO) are found to be emitted
from the snowpack in the presence of sunlight (Grannas et al., 2007). Thus, we employed the in-snow emissions of NOy,

HONO, H,0, and HCHO in the present model, and the values are taken from the earlier box model study (Cao et al., 2014)
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(see Tab. 5). The emission rates are estimated according to the data obtained in previous measurements (Jones et al., 2000,
2001; Jacobi et al., 2002), and the ratio of the emitted HONO and NO, is set to 1.0 (Grannas et al., 2007). It is assumed that
these chemical species are first released from the snow grains to the snow interstitial air, and then carried to the boundary
layer due to the combined effect of the turbulent mixing and the molecular diffusion. The mass transfer of these chemical
species released from the snowpack (e.g. NO, and HCHO) to the boundary layer is implemented in the reaction mechanism as
(R833)-(R902) in the present model.

We first run the simulation in the presence of a 35 cm snowpack with all the snowpack properties at their nominal values,
which is refered to as “standard scenario”. The temporal evolution of ozone and bromine containing compounds in the standard
scenario are captured (Sect. 3.1). Then the properties of the snowpack such as the diameter of the snow grains and the volume
fraction of LLL are altered. Thus, the influences on the ozone depletion and the bromine explosion caused by the changes of
these snowpack properties are investigated (Sect. 3.2). The variations in the snowpack properties result in the following four

categories of simulation scenarios which consist of § cases in total.

— Cases 1 & 2: The diameter of the snow grains is changed from the original value 1 mm (Michalowski et al., 2000) to a
value of 0.3 mm (Toyota et al., 2014) and 2 mm (Thomas et al., 2011). In order to perform this modification, the surface
area provided by each 5cm snow layer for the bromine activation, Ay, ;, is altered to 0.34x 10~ m2 for 0.3 mm snow
grains and 0.505x 10~2 m? for 2 mm snow grains. As a result of this change, modifications of the deposition velocity of
HOBr and BrONO,, exchange rate between the snow interstitial air and the snow particles, and the release speed of Br,

to the ambient air are also needed.

— Cases 3 & 4: The volume fraction of the LLL in the snowpack is varied from 0.2% (Michalowski et al., 2000) to a value
of 3.03x 105 which has been used in the MISTRA-SNOW model (Thomas et al., 2011) and a middle value 0.02%. Due
to the decline of the LLL volume in the model, the absorption rates of HOBr, BrONO, and Br, by the snow grains are
reduced. However, since the soluble in the model is assumed to concentrate in the LLL, the reduction of the LLL volume

leads to the enhancement of the soluble concentration in the LLL and the consequent speedup of the aqueous reactions.

— Cases 5 & 6: The initial PH value of the snow particles is modified from the original value of 4 to 7 and 10, which
represents that the type of the snowpack is changed from acidic to neutral and alkaline. This modification is made
by multiplying the H* ion concentration in the snow grains by 10~3 and 10~°, leading to the H* concentrations of

1.0x 107" molL~"! and 1.0 x 10719 mol L~ in the melted snow.

— Cases 7 & 8: The default thickness of the snowpack (35 cm) is increased to 50 cm or decreased to 5 cm by adding or
removing several snow layers from the model. For the implementation of the 50 cm snowpack, three additional snow lay-
ers are added to the bottom of the snowpack. As a result of this modification, 138 species and 348 reactions representing
the snow chemistry occurring within the additional three layers are added to the reaction mechanism. Thus, the complete
reaction mechanism applied in this simulation scenario consists of 1250 reactions among 499 chemical species. Apart

from this modification, the ratio between the total liquid volume of the snowpack and the volume of the computational
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domain is increased due to the enhancement of the snowpack thickness. The ratio increases from the original value
5.9x107* (for seven snow layers) to 8.4x10~% (for 10 snow layers). The associated changes such as the reduction of
the release speed of Br, from the snow grains to the interstitial air are also made. In contrast to that, in the simulation
with the presence of a 5 cm snowpack, only one snow layer is kept in the model. The volume ratio of the total liquid
quantity in the computational domain is thus reduced to 8.4x 1075, and the related modifications are also made in the

model.

At last, a local concentration sensitivity analysis is performed on the reaction mechanism used in the present study (Sect. 3.3).
In the concentration sensitivity analysis, the relative concentration sensitivity S;; is calculated as

dlng;

i = Sk,

A7)

In Eq. (17), ¢; is the concentration of the i-th species, and k; denotes the rate constant of the j-th reaction in the mechanism.
The value of the concentration sensitivity S;; enables to identify the dependence of a specified chemical species on each step
of the reaction mechanism used in the model (902 reactions among 361 chemical species). As a result, the relative importance
of each sequence in the bromine explosion mechanism on the ozone mixing ratio either in the boundary layer or in the snow
interstitial air can be exhibited by the relative concentration sensitivities. The solution of Eq. (17) is derived by using the

subroutine SENS of the KINAL software based on the Decomposed Direct Method (Valko and Vajda, 1984).

3 Results and Discussion
In this section, the results of the simulations are presented and discussed.
3.1 Temporal Behavior of Ozone and Bromine Species in the Boundary Layer and the Snowpack

The time series of ozone and bromine containing compounds in the boundary layer and the snowpack for the standard scenario
are shown in Figs. 2(a)-(d). In the boundary layer (i.e. regions above the height of 0 m), ozone starts to decline after approx-
imately day 2.3, decreasing rapidly from the background level of 40 ppb to less than 1 ppb. The major ozone removal process
takes approximately one day and a half, which is consistent with the typical time scale of ODEs observed by Oltmans (1981)
and Bottenheim et al. (1986). In contrast to that, the onsets of the ozone depletion in the snowpack layers differ significantly. In
the snow layers with the depth less than 10 cm, ozone depletion starts after only 1.3 days which is earlier than the occurrence of
the ODE in the boundary layer. As a result of this early ozone consumption in the snowpack close to the surface, ozone in the
ambient air is more abundant than that in the interstitial air of the surface snow. Thus, the ozone mixing ratio shows a positive
gradient between the snowpack and the ambient air. This finding is in accordance with the observations in which a positive
gradient of ozone is usually found (Helmig et al., 2007a, b). Deeper in the snowpack, the snow grains and the interstitial air are
less accessible, which causes the retardant of the ozone depletion in these layers. Thus, it is seen in Fig. 2(a) that in the layers

deeper than 20 cm, ozone is only partly consumed or stays at the background level (~40 ppb).
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As the major formation pathway of BrO is Br + O; — BrO, two factors are the prerequisites for the observation of BrO in the
atmosphere: presence of ozone and drop of the ozone mixing ratio (Hausmann and Platt, 1994). Therefore, BrO is regarded as
an important indicator of ODEs. In Fig. 2(b), the temporal and spatial distribution of BrO in the ambient air and the snowpack
is displayed. The relatively rapid enhancement of BrO in the surface snow rather than in the deep layers is found, which is
consistent with the ozone behavior discussed above. The peak values of BrO in the snow layers close to the surface and in the
boundary layer are approximately 50 ppt. Moreover, the daily averaged BrO mixing ratios in the boundary layer on day 2, 3
are 24.8 and 33.5 ppt, respectively. These values reside in a reasonable range reported in the BrO observations, i.e. 20-60 ppt
(Hausmann and Platt, 1994; Barrie et al., 1994; Kreher et al., 1997; Tuckermann et al., 1997; Honninger and Platt, 2002; Frie
et al., 2004; Wagner et al., 2007; Liao et al., 2012).

The observation of in-snow bromine is difficult since the pumping of the interstitial air from the snowpack tends to mix
the ambient air into the snowpack, thus influencing the accuracy of the data obtained. In March 2000, Foster et al. (2001)
monitored several ODEs occurring at Alert, Canada and measured the mixing ratios of bromine precursors such as Br, and
BrCl by using atmospheric pressure CIMS (Chemical Ionization Mass Spectrometry). The highest mixing ratio of in-snow Br,,
2 ppt, is found by Foster et al. (2001), which is about twice the value measured in the ambient air (see the scattered points in
Fig. 3). In contrast, in the 1-D physical-chemical model PHANTAS developed by Toyota et al. (2014) with a detailed treatment
of the in-snow chemistry, Br, reaches a maximum of 300 ppt in the snowpack, about two orders of magnitude higher than the
value reported by Foster et al. (2001). In the present study (see Fig. 2(c)), Br, mixing ratio in the snow interstitial air ranges
from 2 ppt to 10 ppt, which is similar to the value obtained by Foster et al. (2001). The vertical profile of the in-snow Br, mixing
ratio during the ODE (on day 3) in the present simulation is also displayed (see the dash dot line in Fig. 3). It is found that in
the snow layers with the depth less than 10 cm, the Br, mixing ratio reaches a peak value of 4.6 ppt, which is approximately
1.3 ppt higher than that in the ambient air (~3.3 ppt). Then the Br, mixing ratio drops to a low value (~2.4 ppt) at the middle
depth of the snowpack (-15 to -20 cm). In the deeper layers, the Br, mixing ratio shows an increase again, reaching a value of
3 ppt at the depth of -30 cm. The vertical profile of Br, is similar to the measurements made by Foster et al. (2001). However,
the value of Br, mixing ratio in the model results is approximately 2.3 ppt larger than that in the observations (see the curve
line in Fig. 3). The discrepancy between the model results and the observations could be due to several reasons: It could be
caused by the assumptions implemented in the model. The release of bromine from the LLL of the snow grains is assumed only
in the form of Br, while the release of BrCl is neglected. As a result of this assumption, a relatively higher Br, concentration
in the snow interstitial air is expectable in the model results. Moreover, during the sampling process of the observations, a
forced mixing of the low Br, air from the ambient air into the snowpack occurs, which may lead to a low Br, mixing ratio in
the interstitial air of the snowpack. In addition, the observation of Br, by Foster et al. (2001) is made at an initial stage of the
ODE, which implies that the actual Br, concentration in the snow interstitial air during ODEs is probably higher than the value
reported by Foster et al. (2001).

Figure 2(d) displays the vertical distribution of the total bromine amount with time. It is seen that due to the relatively rapid
deposition rate of HOBr on the snow layers with the depth less than 10 cm, a large quantity of bromide is released from these

snow layers, leading to a strong enhancement of the total bromine amount in the surface snow. The peak values of the total
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bromine amount in these shallow snow layers (depth lower than 10 cm) are approximately 390 ppt, higher than those (~136 ppt)
in the middle layers (-15 to -25 cm) of the snowpack. In the snow layers deeper than 25 cm, the total bromine amount is found
lower than 10 ppt, which is attributable to the slow exchange rate between these deep snow layers and the ambient air rich in
HOBEr so that the activation of bromide is unable to be accelerated.

Figure 4 displays the modeled mixing ratios of ozone and principal bromine containing compounds as a function of time
within the 200 m boundary layer and in the snow interstitial air at the depth of 2.5 cm. It can be seen in Fig. 4(a) that ozone
depletion starts after day 2.3, before which little ozone is consumed. At the early time stage before day 2.3, BrO and HBr
mixing ratios show gradual growths and they constitute the major contributions to the total amount of bromine. Due to the
presence of ozone, Br atoms are almost instantly converted to BrO, and thus, they can be hardly observed at this time. After
day 2.3, as the BrO mixing ratio is continuously increasing, the formation of HOBTr is favored, which leads to an enhancement
of the HOBr mixing ratio in the ambient air. On about day 3, BrO reaches a peak level of approximately 54 ppt. The maximum
of HOBT, 7.5 ppt, is also found at this time. As the deposition of HOBr leads to an enhancement of the release of the reactive
bromine from the snowpack which is able to consume ozone in the ambient air, a swift decrease of ozone is found during
this time period. After day 5, when the ozone mole fraction falls down below 1 ppb, the formation pathway of BrO is unable
to proceed, leading to the disappearance of BrO. The mixing ratio of Br atom builds up to be a main constituent of the total
bromine stock. The maximum value of Br mixing ratio in the ambient air is about 30 ppt. This amount of Br is then removed
by the aldehydes (e.g. HCHO and CH;CHO) in the air, forming HBr. At the end of the depletion event, a high level of HBr
resides in the air, which is in accordance with the aerosol measurements of Langendorfer et al. (1999).

It is of interest to note in Fig. 4(a) that the total bromine amount in the boundary layer undergoes a decline between day 3 and
day 5, and reaches a minimum value of about 34 ppt. Then the total bromine level rises again and keeps increasing until day 14
which is the end of the simulation. By analyzing the reaction mechanism applied in the present model, we found that the total
bromine amount in the ambient air critically depends on the deposition rates of HOBr on the snowpack and the emission rates
of Br, from different snow layers. In the early stage of the ODE (before day 3), it is seen in Fig. 4(b) that the HOBr mixing ratio
in the snowpack increases rapidly. Due to the relatively strong enhancement of HOBr in the snowpack, the formation of Br,
from the snow grains accelerates and consequently speeds up the outgassing of Br, to the boundary layer. In contrast, the HOBr
concentration in the ambient air is rather low (see Fig. 4(a)). Thus, in the boundary layer, the release speed of Br, exceeds half
of the deposition rate of HOBr in this time period. As a result, the bromine amount in the ambient air accumulates and reaches
the peak value of approximately 84 ppt. However, after day 3, as the ozone in the surface snow is completely consumed (see
Fig. 4(b)), the mixing ratio of BrO and HOBr in the snow interstitial air instantly drop to a level lower than 1 ppt. Consequently,
the production of Br, is strongly retarded and the release of Br, to the boundary layer is also largely reduced. In contrast to
that, the HOBr concentration in the boundary layer keeps stable as BrO is still abundant. Therefore, in this time period, the
total bromine amount in the boundary layer decreases as the deposition of HOBr onto the snowpack is faster than twice of the
release speed of Br, from the snowpack. After day 5, as the BrO mixing ratio in the ambient air decreases until a near-zero
value is achieved, the major formation pathway of HOBr is unable to proceed, which leads to a disappearance of HOBr in the

ambient air. Meanwhile, the release speed of Br, from the snowpack to the boundary layer remains stable. These released Br,
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in this time period mostly originate from the deep snow layers where BrO and HOBr are still abundant. Therefore, the total
bromine amount in the boundary layer starts to increase again. In contrast to that, in the interstitial air of the snowpack close
to the ground (see Fig. 4(b)), after the complete removal of ozone, the release of Br, and the deposition of HOBr from the
boundary layer are negligible as the Br, concentration in the interstitial air and the HOBr concentration in the ambient air are
rather low, leading to a steady amount of the total bromine amount in the surface snow layer.

The temporal evolutions of ozone in the boundary layer and within the interstitial air of the snowpack are shown in Fig. 5.
As mentioned above, ozone in the boundary layer starts to decline significantly after day 2.3. The depletion rate exceeds
0.1 ppbh~!, reaching the maximum of 2 ppbh~". In the snowpack, the onsets of ODEs depend on the depth. The occurrence
of the ODE at the depth of 2.5 cm and 7.5 cm is earlier than that in the ambient air, starting on day 1.4 at the depth of 2.5cm
and on day 1.5 at the depth of 7.5 cm. However, the duration of the ozone depletion in the ambient air and in the snow layers
with the depth of 2.5cm and 7.5 cm shows a similar time scale, lasting approximately 1.5 days. It is also seen in Fig. 5 that
although the depletion of ozone at the depth of 7.5 cm occurs at a similar time as that in the boundary layer, approaching the
end of the ODE (from day 3 to day 5), ozone in the boundary layer declines more gradually than that in the snowpack layer
at -7.5 cm. The reason for this difference is due to the decline of the total bromine amount in the ambient air within this time
period as discussed above. In the snow layers deeper than 7.5 cm, ODEs occur later than that in the ambient air. In the layers at

the depth of 27.5 cm and 32.5 cm, the complete removal of ozone cannot be achieved within the 14 days simulated.
3.2 Influence of Snowpack Properties on Ozone and Bromine Containing Compounds

In this section, we vary the snowpack properties to investigate the mixing ratio change of ozone and bromine species.
3.2.1 Snow Grain Diameter

Figure 6(a) depicts the depletion of ozone occurring in each snowpack layer after changing the snow grain diameter to 0.3 mm
(Toyota et al., 2014). Compared to the simulation with the original value of the snow grain diameter (see Fig. 5), in the present
simulation, the onset of the ODE in the boundary layer is found two days earlier than in the standard scenario. Besides, the
complete removal of ozone finishes earlier, on approximately half a day after day 1. In the snow layers with the depth less than
12.5 cm, ODEs are all accelerated due to the decrease of the snow grain diameter. We found that the acceleration of ODEs in
the ambient air and the interstitial air of the surface snow layers is mostly attributable to the enhancement of the deposition
rate of HOBr, mass transfer between the snow interstitial air and the snow particles, and the release of Br, when the size of
the snow grains is reduced. In this situation, the deposition of HOBr and the absorption by the snow particles speed up in the
shallow snow layers. Thus, the depletion of bromide in the snow grains is strengthened, which leads to a more rapid release of
Br, to the snow interstitial air and also an enhanced ozone depletion in these snow layers. Meanwhile, the release of Br, from
the snowpack to the ambient air is also reinforced, which causes the acceleration of the ODE in the boundary layer.

It is interesting to note that the depletion of ozone in the boundary layer above this fine-size snowpack is earlier than that
in the snow layers close to the ground, which means that a negative gradient of the ozone mixing ratio can be found under

this condition. As mentioned above, in the observations, normally a positive ozone gradient is found. However, occasionally,
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negative ozone gradient events are reported when a rapid decline of ozone in the ambient air occurs (Galbally and Allison,
1972; Zeller and Hehn, 1996; Zeller, 2000). It is estimated by Helmig et al. (2007a) that the frequency of the occurrence of a
negative ozone gradient event is approximately 12% of the number of cases when a positive ozone gradient is found. Helmig
et al. (2007a) also report that during the events with a negative ozone gradient, the ozone mixing ratio in the snow interstitial
air is approximately 1-3 ppb larger than that in the ambient air, which is also successfully captured in the present simulation.
Thus, from the results of the present model, we suggest that a negative gradient of the ozone concentration near the surface can
be found more frequently on a snowpack with a fine grain size.

In Fig. 6(a), it is also seen that in the snow layers deeper than 12.5 cm, the influence brought about by the change of the
grain size is opposite to that in the shallow snow layers. The ODE:s in these deep layers are found to be decelerated. The reason
for this difference is that the relative importance of each step in the present reaction mechanism for determining the depletion
of ozone is different for the snow layers with different depth. In the shallow snow layers (depth<12.5 cm), the deposition rate
of HOBEr is relatively fast compared to the deep snow layers. As a result, the amount of HOBr for the acceleration of the
bromine activation from the snow grains is adequate in these shallow layers, and thus the depletion of ozone depends more
heavily on the mass exchange rate between the snow interstitial air and the snow grains. In contrast to that, in the deep snow
layers (depth>12.5 cm), as the deposition rate of HOBr is relatively small, the acceleration of the bromine explosion and the
consequent ozone depletion are more critically controlled by the availability of the HOBr deposited from the ambient air. In the
present simulation with a fine-size snowpack, ozone in the ambient air is rapidly consumed within 1.2 days, which causes the
termination of the formation of BrO and HOBr in the boundary layer. Thus, the quantity of HOBr deposited on the deep layers
is less than that under the condition of the original 1 mm snow grain diameter. Therefore, as HOBr is lacking in the deep layers
for the bromine activation, even though the transfer rate between the snow interstitial air and the snow grains is increased due
to the decrease of the snow particle size, the depletion of ozone is still delayed. We have also conducted a local concentration
sensitivity analysis to investigate the dominant processes in the present reaction mechanism for the depletion of ozone in each
snow layer, which is described in Sect. 3.3.

The diameter of the snow grains is then changed to 2 mm. The relevant ozone temporal behavior is shown in Fig. 6(b). In
comparison to the standard scenario (1 mm diameter snow grains) shown in Fig. 5, it is found that in the presence of the coarse
snow grains, ODE:s in the shallow snow layers as well as in the boundary layer are strongly retarded with an onset of the ozone
depletion at the depth of 2.5 cm only after 6 days. In contrast, in the snow layers with the depth of 27.5 cm and 32.5 cm, the
increase of the snow grain size causes a slight acceleration of the ozone consumption. The possible mechanism responsible for
this phenomenon is as similar as that mentioned above. The increase of the snow grain size causes the slow down of the ODE
in the boundary layer so that HOBr can be continuously formed and then deposits on the deep snow layers. Consequently, the
quantity of HOBr in the deep snow layers for the bromine explosion and the acceleration of the ODE is more abundant in this
situation, which speeds up the depletion of ozone in these deep snow layers.

In summary, we can say that the size of the snow grains has a large influence on the induction time for an ODE event.
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3.2.2 Liquid-Like Layer Volume Fraction

In a second set of the numerical experiments, the volume fraction of the LLL is changed from the original value 0.2%
(Michalowski et al., 2000) to 3.03 x 10~° (Thomas et al., 2011) and 0.02%. It is found that after these modifications, nei-
ther in the boundary nor in any snow layer an ODE occurred within the 14 days simulated. Thus, we conclude that the LLL
fraction in the snow grains is rather important for the occurrence of ODEs. As the modification of the LLL fraction in the snow
grains leads to the change of the aqueous reaction rates and the transfer rates of HOBr and Br, between the interstitial air and
the snow particles, in order to clarify the reasons why the reduction of the LLL fraction leads to the nonoccurrence of ODE:s,
we have analyzed the relevant changes in the model brought about by the modification of the LLL fraction. We found that
the major contribution to the ozone consumption by the reduction of the LLL fraction is the deceleration of the uptake rate of
HOBr in the snow interstitial air by the snow grains which can be written as HOBr (g1 ;) — HOBr jiquid,i)-

To confirm this finding, we performed a simulation by changing the rate of HOBr absorption back to the original value while
the rates of other reactions keep changed. We found that the simulation results obtained after this change are similar to that
shown in Fig. 5. Therefore, we conclude that the volume fraction of LLL heavily controls the HOBr transfer between the snow
interstitial air and the snow grains, thus dominating the occurrence of ODEs. In contrast to that, as the change of the LLL
volume fraction also affects the rates of the liquid reactions, this simulation test also suggests that the rates of the aqueous

reactions have relatively small impacts on the occurrence of ODE:s.
3.2.3 PH Value of Snowpack

In a third set of model runs, we modified the initial PH value of snowpack from 4 to 7 and 10. The simulation results are shown
in the supplementary material. It is found that under the condition PH=7, the temporal behavior of ozone and bromine species
is similar to that with PH=4. However, the total bromine amount left in the boundary layer after the complete removal of ozone
has a value of only approximately 245 ppt on day 14 compared to the value (260 ppt) with PH=4. This reduced amount of
bromine is probably caused by the slow down of the aqueous reactions in LLL of the snowpack. When the PH value increases
to 10, the ozone depletion either in the boundary layer or in the snow layers disappears. It denotes that in an alkaline snowpack,
the deficit of the H* storage leads to a retardant of the activation of bromide from the snowpack. As a result, the bromine
released from an alkaline snowpack is not enough to be responsible for the ozone consumption. The relatively weak bromine
release from the snowpack with high PH value has also been presented and discussed by Toyota et al. (2014). To summary,
according to the results of the present study, ODEs are more favored above an acidic or a neutral snowpack instead of an

alkaline snowpack, which is in consistence with previous findings.
3.2.4 Snowpack Thickness

In order to perform simulations with the implementation of a snowpack with different thickness, we added or removed a
number of snowpack layers in the model so that a 50 cm snowpack (10 layers) or a S cm snowpack (1 layer) is considered in

the model. For a 50 cm snowpack, three additional snow layers are added to the bottom of the snowpack. It is found that the
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ozone depletion rates both in the ambient air and in the snow interstitial air are only slightly influenced, which confirms the
plausible idea that the layers responsible for the occurrence of ODEs are the snow layers close to the surface. This finding is
also in consistence with the results shown in Sect 3.2.1 in which the ozone depletion rate in the ambient air is mostly dependent
on the amount of bromine released from the shallow snow layers.

The snowpack thickness is then reduced to 5 cm by including only one snow layer in the model, and the simulation results
are shown in Fig. 7. It is interesting to find that in the snowpack, the complete removal of ozone begins on day 1.6 and finishes
on day 3.6, and thus at a similar time scale compared to the standard scenario. However, in the boundary layer, ozone is only
partly consumed and remains stable after day 4, with a mixing ratio of approximately 20 ppb. We first focus on the temporal
behavior of the chemical species in the snow interstitial air. At the beginning of the simulation, before day 1.6, as ozone either
in the ambient air or in the snow interstitial air is abundant, the formation of BrO and HOBr in the boundary layer and within
the snowpack is favored. As HOBr is involved in the bromine explosion mechanism occurring in the LLL of the snow particles,
the bromine amount in the snow interstitial air starts to increase rapidly. As a result, within the time period between day 1.6
and day 3.6, the total bromine level in the snowpack shows an explosive increase, and the depletion of ozone reaches the
maximum speed, at approximately 1.8 ppbh~!, until ozone in the interstitial air is completely removed. The peak value of Br,
in the snowpack is also found at this time, with about 4 ppt. After day 3.6, due to the lack of ozone in the snowpack, BrO
and HOBr mixing ratios show a sharp decrease, reaching the level lower than 1 ppt, which extremely slows down the bromine
activation from the snow particles. The existing Br, in the snowpack is released to the boundary layer or photolyzed rapidly in
the presence of sunlight, which leads to the disappearance of Br, after day 4. At the end of the ODE, the bromine containing
compounds left in the snow interstitial air are mostly in the form of HBr, which is produced by the absorption of Br by the
aldehydes.

In the boundary layer above the snowpack with the thickness of 5 cm, in the initial period of the ODE (before day 3.6), BrO
and HOBr increase as similar as those in the snowpack, which causes a relatively rapid consumption of ozone in the ambient
air. However, when the ODE in the snow layer finishes on approximately day 3.6, the release of Br, from the snowpack is
prohibited. Since the HOBr molecules in the ambient air continuously land on the snowpack via the deposition processes, the
total bromine amount in the boundary layer keeps dropping during this time period until a near-zero value is attained. As a
result of the lack of bromine in the ambient air, the termination of the ozone depletion occurs, and the complete removal of

ozone in the boundary layer cannot be achieved.
3.3 Concentration Sensitivity Analysis of the Mass Transfer between the Ambient Air and the Snowpack

The local concentration sensitivity is calculated for the reaction mechanism used in the present study. We focus on the relative
importance of the steps representing the mass transfer among the ambient air, snow interstitial air and the snow grains for the
ozone mixing ratios in the boundary layer and the snow interstitial air. As the computation of the concentration sensitivities
requires a multi-step iteration which is rather time-consuming, in the present study, the concentration sensitivity analyses of the

gas-phase reactions as well as the aqueous reactions occurring in the LLL of the snow grains are not performed for simplicity.
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The relative concentration sensitivity of the reaction steps for the ozone in the boundary layer during the depletion period
(on day 3) is shown in Fig. 8. It can be seen that from reactions (R721) to (R727), the relative concentration sensitivity declines
with the increase of the reaction number, which is also valid for the reaction groups (R735)-(R741) and (R826)-(R832). It
denotes that the ozone mixing ratio in the boundary layer is more dependent on the mass transfer processes in the shallow snow
layers rather than those in the deep snow layers at this time stage. This result confirms the finding shown in Sect. 3.2 that the
occurrence of the ODE in the ambient air is determined mostly by the snow chemistry occurring in the surface snow layers.

Among the reaction steps in the transfer processes, it is seen from Fig. 8 that the release of Br, from the snowpack (R826)
and the deposition of HOBr from the ambient air (R721) are the most dominant steps which critically control the mixing ratio
of ozone in the boundary layer as they determine the total bromine amount in the ambient air. The values of the concentration
sensitivities of these two reactions, (R826) and (R721), reach approximately 0.037 and 0.02, respectively. Thus, the occurrence
of the ODE in the boundary layer is mostly determined by the joint effect of the turbulent mixing, molecular diffusion and
wind ventilation. Apart from reactions (R826) and (R721), the scavenging of HOBr by the snow grains, (R735), is also shown
as crucial since it heavily influences the release of bromine from the snow grains. Moreover, this scavenging process of HOBr
has a negative concentration sensitivity, which means that the enhancement of the HOBr uptake by the snow particles tends
to accelerate the consumption of ozone in the boundary layer. Due to the dominance of these reaction steps with large con-
centration sensitivities, it is of importance to have a good knowledge of the transfer rates of these steps in the present ozone
depletion mechanism. In contrast to that, according to the low computed sensitivities of reactions (R749)-(R755), although the
hydrolysis of BrONO, causes the formation of the liquid-phase HOBr and H ions which may facilitate the release of Br, from
the snow grains, it is indicated in Fig. 8§ that the importance of these reactions are negligible for the ozone mixing ratio in the
ambient air.

Figure 9 depicts the dependence of the ozone mixing ratios in the snow layers with the depth of 2.5 cm and 32.5 cm on each
step of the mass transfer processes during the depletion of ozone in the ambient air (on day 3). It can be seen in Fig. 9(a) that
in the snow layer close to the ground surface, the determining step for the occurrence of the ODE is the scavenging of HOBr
molecules by the snow particles, (R735). This scavenging process has the largest absolute value of the concentration sensitivity,
0.24, among the mass transfer processes in computation. Moreover, the concentration sensitivity of (R735) is negative, which
is as similar as that for the ozone in the boundary layer. Thus, the speedup of the HOBr absorption by the snow grains would
consequently advance the occurrence of ODEs both in the boundary layer and within the interstitial air of this surface snow
layer. This conclusion is also in accordance with the comparison of the onsets of ODEs discussed in Sect. 3.2.1.

Compared to the deep snow layers which are close to the bottom of the snowpack, in the surface snow layer (depth=2.5 cm),
the deposition of HOBr as well as the emission of Br, are relatively fast. Therefore, these two processes, (R721) and (R826), are
not the rate-determining steps for the depletion of ozone in the snow interstitial air, and thus have relatively lower sensitivity
values compared to (R735) (see Fig. 9(a)). It is also noteworthy that among the HOBr deposition reactions (R721)-(R727),
the concentration sensitivities of (R722)-(R727) are positive for the ozone in this snow layer while a negative sensitivity
is obtained for (R721). The reason for the different signs of these sensitivities is that reactions (R721)-(R727) are parallel

competing reactions. The rate increase of (R721) represents that the deposition of HOBr on this surface snow layer speeds
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up, which eventually accelerates the ozone consumption in this snow layer. In contrast to that, the rate increase of reactions
(R722)-(R727) would reduce the amount of HOBr available for the surface snow layer. As a result, the ozone depletion in
this snow layer would be retarded. In addition, by comparing the values of the sensitivities shown in Fig. 8 and Fig. 9(a), it
is also seen that the concentration sensitivities for the surface snow layer are larger than those for the ozone in the boundary
layer, which represents that the occurrence of the ODE in the interstitial air of the surface snow is more dependent on the mass
transfer between the ambient air and the snowpack compared to the ozone consumption in the boundary layer.

The concentration sensitivity of ozone in the snow layer close to the bottom (depth=32.5 cm) is given in Fig. 9(b). As similar
as the situation in the snow layer at the depth of 2.5 cm, the most influential reaction steps for the ozone in this bottom snow
layer are the deposition of HOBr from the boundary layer (R727), scavenging of HOBr by snow grains (R741), and the release
of Br, to the ambient air (R832). However, as mentioned above, the snow interstitial air and the snow particles in the deep
layers are less accessible. Thus, the mass transfer between the ambient air and this bottom snow layer as well as the quantity of
the deposited HOBr become more critical for controlling the ozone consumption in this snow layer. As a result, it can be seen
in Fig. 9(b) that the reactions of the HOBr deposition (R727) and the Br, emission (R832) in the present reaction mechanism
are relatively more important than those for the ozone in the surface snow layer which are shown in Fig. 9(a). Besides, in this
bottom snow layer (depth=32.5 cm), as the quantity of the deposited HOBr from the boundary layer is less than the amount of
HOBr landing on the surface snow layer, the reaction with the involvement of BrONO,, (R755), shows considerable sensitivity
for the mixing ratio of ozone, which denotes that in this bottom snow layer, the hydrolysis of BrONO, also contributes partly to
the ozone loss. At last, by comparing Fig. 9(a) and (b), it should also be noticed that the concentration sensitivities of the mass
transfer steps for the ozone in the present bottom snow layer are lower than those in the surface snow layer, which means that
the ozone at the bottom of the snowpack is less influenced by the whole mass exchange system between the ambient air and
the snowpack. We speculate that the temporal evolution of ozone in this snow layer is probably dominated by the gas-phase
bromine reactions occurring within the snow interstitial air at this depth.

Figure 10 displays the relative importance of each step in the reaction mechanism for the ambient ozone mixing ratio within
the time periods before the occurrence of ODE (on day 2) and after the complete removal of ozone (on day 10). By comparing
the present results shown in Fig. 10(a) with those displayed in Fig. 8, it can be found that before the occurrence of ODE,
the mechanisms which control the mixing ratio of ozone in the boundary layer the most are the deposition of HOBr onto the
snowpack (R721), scavenging of HOBr by the snow particles (R735), and the release of Br, to the ambient air (R826), which
is similar to the situation during the depletion of ozone. However, the sensitivity values of these steps before the ODE are
significantly smaller than those during the consumption of ozone which are depicted in Fig. 8. This is not entirely unexpected
since these mass transfer steps begin to significantly affect the temporal behavior of ozone in the ambient air after the start of
ODE.

After the complete consumption of ozone in the boundary layer, the dependence of the ozone mixing ratio on the mass
transfer processes varies with time (see Fig. 10(b)). It can be seen that during this time period (on day 10), as the bromine in
the interstitial air of the surface snow layers (depth<22.5 cm) exist mostly in the form of HBr which has only slight influence on

the ozone loss, the bromine transfer processes between the surface snow layer and the ambient air, (R721), (R735) and (R826),
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which used to be dominant before and during the ODE are no longer important for the ozone mixing ratio in the boundary layer.
The concentration sensitivities of these reactions are lower than 5 x 10~* in this time period. In contrast to that, in the snow
layer with the depth of 22.5 cm (the fifth snow layer in Fig. 10(b)), due to the presence of ozone, the auto-catalytic reaction
cycle of bromine and the bromine explosion mechanism are still able to proceed, which forms a considerable quantity of active
bromine species such as Br,. The formed Br, is then carried to the boundary layer, consequently reducing the mixing ratio of
ozone in the ambient air. Therefore, the release of Br, from the snow layer with the depth of 22.5 cm, (R830), has the largest
absolute value of the concentration sensitivity for the ozone in the boundary layer (see Fig. 10(b)). Aside from this reaction,
the scavenging of HOBr by the snow grains in this layer, (R739), is also crucial as it is the determining step of the bromine
explosion mechanism in this snow layer. In addition, reaction (R721) still possesses a considerable value of the concentration

sensitivity as it is the major pathway of the bromine loss in the ambient air during this time period.

4 Conclusions and Future Developments

In the present study, the influences on ODEs either in the boundary layer or within the snowpack caused by the change of the
snowpack properties are simulated and analyzed. In order to better describe the physicochemical processes occurring within
the snowpack, a snowpack module which is able to depict the mass exchange between the ambient air and the snowpack is
developed and implemented in a box model. A reaction mechanism with the involvement of bromine species is applied for
the estimation of the chemical production and consumption occurring in the boundary layer and within the interstitial air of
the snowpack. The temporal and spatial distributions of ozone and principal bromine species in the ambient air and within
the snowpack are captured and discussed. It is found that above a snowpack with a grain diameter of 1 mm, the depletion of
ozone in surface snow layers is faster than that in the boundary layer, causing a positive ozone gradient close to the ground.
The simulated mixing ratios of BrO and Br, are found within the range of 20-60 ppt and 2-12 ppt respectively, similar to values
reported from field observations. The vertical distribution of Br, within the snowpack is also obtained and compared with
previous studies.

By varying the snowpack properties, we found that the diameter of snow grains, volume fraction of the LLL, and the uptake
rate of HOBr by snow particles are the deterministic factors which critically control the occurrence of ODEs in the polar
boundary layer. After the reduction of the snow grain diameters, it is found that ODEs both in the boundary layer and within
the surface snow layers are accelerated while the consumptions of ozone in deeper snow layers are retarded. The reason is
attributable to the faster HOBr deposition from the boundary layer onto these surface snow layers. Conversely, increasing the
snow grain size leads to no ODE occurrence, thus we conclude that our simulations indicate the snow grain size (or specific
surface area) to be a critical parameter in bromine activation and the occurrence of ODEs. The liquid-like layer volume fraction
is also shown to be an important parameter for the depletion of ozone as the reduction of LLL volume fraction tends to prohibit
ODEs. The simulation test shows that the reduction of the LLL fraction leads to a strong retardant of the HOBr uptake by snow
particles, which determines the occurrence of ODEs. By changing the initial PH value of the snowpack, we found that the

complete removal of ozone in the boundary layer is able to proceed above an acidic or a neutral snowpack, however not over
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an alkaline type snowpack. Thicknesses of the snowpack were also investigated in the present model by adding or removing
several snow layers to the original 35 cm snowpack. It is found that the depletion of ozone in the boundary layer depends more
heavily on the snow chemistry occurring in the surface snow layers rather than in the deep snow layers.

The concentration sensitivity analysis helps to clarify the relative importance of each step in the mass transfer between the
boundary layer and the snowpack. During the depletion of ozone, the deposition of HOBr onto the snowpack, release of Br,
from the surface snow layers, and the scavenging of HOBTr in the interstitial air by snow grains are shown as the most influential
steps for the ozone change in the boundary layer. In contrast, the concentration sensitivity analysis of ozone in the interstitial
air of the surface snow layer suggests that the importance of the reaction steps, HOBr deposition and Br, release, becomes
lower, which highlights the dominant role of the scavenging of HOBTr in this snow layer. For deeper snow layers. the temporal
change of ozone is found to be less dependent on the whole system of the mass transfer between the boundary layer and the
snowpack. By conducting the concentration sensitivity analysis at different time points, it is also revealed that the mass transfer
processes play the biggest role during the rapid decline of ozone rather than in the time periods before or after the ODE.

Although the important role of the snowpack in the depletion of ozone in Arctic is clearly indicated and well described in
the KINAL-SNOW model, the present model stll has some potential for improvement. For instance, the mass transfer between
different snow layers should be considered in the future. A better parameterization of the LLL in the surface of snow grains
such as the method proposed by Kuo et al. (2011) is also helpful for clarifying the dominant role of the LLL quantitatively.
Moreover, an extension of the present model to 1-D is straightforward after introducing the mass exchange between different
layers and a precise parameterization of the vertical distribution of the turbulent diffusivity. At present, the authors are adding
the snowpack module to a recently developed 1-D model KINAL-T (Cao et al., 2016), aiming to elucidate more mechanistic

details of ODEs occurring above the snowpack.
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Table 1. Aqueous reactions implemented in the KINAL-SNOW model.
Reaction Rate Constant [(L/mol)”_1 s711  Ordern Reference
HOBr + H* + Br~ — Br, + H,0 4.41 x 10732 3 Beckwith et al. (1996)
Br, — HOBr+H* 4+ Br~ 9.70 x 10* 1 Beckwith et al. (1996)
HOBr +H* +ClI" — BrCl + H,0 1.55 x 107?? 3 Wang et al. (1994)
BrCl — HOBr+H" + CI” 1.00 x 10° 1 Wang et al. (1994)
BrCl+ Br — Br,Cl 1.00 x 1071 2 Michalowski et al. (2000)
Br,Cl — Br™ + BrCl 3.34 x 10° 1 Wang et al. (1994)
Br,Cl — Br, + CI” 4.63 x 10° 1 Wang et al. (1994)
Br, + CI" — Br,Cl 1.00 x 10~ 2 Michalowski et al. (2000)

Table 2. Initial species concentrations in the snowpack. Here the concentration has the unit of [mol/(1 liter melted snow]. Thus, in the model
where the unit [mol/(1 liter liquid-like layer] is used, the initial concentration should be divided by the total volume fraction of the liquid-like

layer, 0.2%.

Species  Concentration Reference

[mol/L]
Br 2.0x 1077  Toom-Sauntry and Barrie (2002)
Cr 9.0x 107 Toom-Sauntry and Barrie (2002)
H* 1.0x 1074 Toyota et al. (2014)
HOBr 0.0 -
Br, 0.0 -
BrCl 0.0 -
Br,Cl1 0.0 -
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Table 3. Photolysis frequencies in the boundary layer, calculated by Lehrer et al. (2004) using the radiation transfer model (Roth, 1992,
2002) with the assumption of SZA=80° and a surface albedo with the value of unity.

Species Js™1

0, 4.7 %1077
Br, 2.1x1072
BrO 1.4 %1072
HOBr 3.0x107*
H,0, 2.0x107¢
HCHO — 2HO, +CO 5.5x107°
HCHO — H, + CO 9.6 x107¢
C,H,0 6.9 %1077
CH;0,H 1.2x107°
C,H;0,H 1.2x1076
HNO, 4.4x1078
NO, 3.5x 1073
NO; — NO, 1.4x 107!
NO; — NO 1.7x 1072
BrONO, 3.4x107%
BrNO, 9.3x107°
PAN 6.8x 1077
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Table 4. Initial air composition in the boundary layer and the snow interstitial air (ppm = parts per million, ppb = parts per billion, ppt = parts

per trillion).

Species Mixing ratio
O3 40 ppb
Bry 0.3 ppt
HBr 0.01 ppt
CHy 1.9 ppm
COq 371 ppm
CO 132 ppb
HCHO 100 ppt
CH3CHO 100 ppt
C2Hs 2.5 ppb
CaHy 100 ppt
CaH> 600 ppt
CsHs 1.2 ppb
NO Sppt
NO, 10 ppt
H,0 800 ppm

Table 5. Emission fluxes from the snowpack (Cao et al., 2014).

Species Emission rates Reference
[molec. cm™? s

NO 1.6 x 107 Jones et al. (2000, 2001)

NO, 1.6 x 107 Jones et al. (2000, 2001)

HONO 1.6 x 107 Grannas et al. (2007)

H,0, 1.0 x 10® Jacobi et al. (2002)

HCHO 6.0 x 107 Jacobi et al. (2002)
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Figure 1. A schematic depiction of the model KINAL-SNOW. The suspended aerosols are able to absorb HOBr and HBr, leading to the
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Particles

® Aqueous
Reactions

formation of Br, which is then released to the boundary layer. Between the boundary layer air and the snowpack, mass exchange processes
including the deposition of HOBr and the emission of Br, take place. The details of the exchange processes are described in Sect. 2.1 of the

manuscript.
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Figure 2. The temporal and spatial distributions of ozone and bromine species in the ambient air and the snow interstitial air for the standard

scenario. The surface is located at Height = O m.
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Figure 3. The vertical distribution of Br, in the boundary layer and within the snowpack interstitial air (at the depth with negative values)
obtained from the model results (dash dot line and curve line) and from observations (scattered points). In this figure, the dash dot line
denotes the Br, mixing ratio in the ambient air on day 3 which resides within the time period of the ozone depletion, and the curve line

represents the modeled Br, mixing ratios minus 2.3 ppt.
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Figure 4. Temporal evolution of the mixing ratios of ozone and bromine species (a) in the ambient air of the 200 m boundary layer and (b)

in the snow layer with the depth of 2.5 cm for the standard scenario.
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Figure 5. The temporal behavior of ozone in the boundary layer and within the interstitial air of each snow layer for the standard scenario.
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Figure 6. The temporal behavior of ozone in the boundary layer and the snow interstitial air when the diameter of the snow grains is changed

from 1 mm (standard scenario) to (a) 0.3 mm, (b) 2 mm.
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Figure 7. Temporal evolutions of ozone and principal bromine containing compounds in the boundary layer and the snow interstitial air,

when the thickness of the snowpack is reduced to 5 cm. It is found that the chemical processes are similar to the standard scenario (35 cm

snowpack thickness). However, the ozone depletion in the boundary layer is incomplete.
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Figure 8. The relative concentration sensitivity of ozone in the boundary layer for the processes representing the mass transfer between the

ambient air and the snowpack, on the time of day 3.
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Figure 9. The relative concentration sensitivity of ozone in the interstitial air of the snow layers at the depth of (a) 2.5 cm and (b) 32.5 cm for

each reaction step in the sequence of the mass transfer processes, on the time of day 3. (Continued...)
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(R750) BrONO, (g1 2) +Hy0 — HOBr iquia ,>+11(+]M“M 2+ NO3 i — 750

(R751) BrONO, (g 5+ H,0 = HOBr iquia,s) + H“N“M o+ NOG (i)

(R752) BrONO, (g4 4 +HyO — HOBr(iquia, ;>+H”"““d o+ NOy (i) -

(R753) BrONO, (g1 5) + H20 — HOBr(iquid, ,>+1-1W“,L 5 N0 Giouia )

(R754) BrONO, g5 ) +H>0 = HOBr(iquia. ) + Hauia 6) + NOs tiauia o) _

(R755) BrONOy 51,7, +Hy0 = HOBriauian) + Hiiquia,n) + NOsiquian) G /]
(R756)-(R811)  Liquid Reactions

(R812) Brygsia,n = Bragiquia, | | | | I I I I

(R813) Brysia,2) = Braiquia,)

(R814) Brysia,g = Bragiquia,s) ]

(R815) Brasia,a) = Bragiquid,a)

(R816) Brasia,s) = Bragiquia,s) ]

(R817) Brasiae = Bragiquia,e)

(R818) Brysia,n = Brag |

(R819) By (1iquia,1y = Bra

(R820) By (1iquia,2) = ”‘z< ] 8 2 0
(R821) : ;

(R822) " ]

(R823) Br, 2(liquid,5)

(R824) Br2 iquia,e) = Bragsiae |

(R825) Bra giquia,n = Brasia,n

(R826) Brysian — Bragr, — .

(R827) Bry(sia,2) = Bragar)

(R828) Brasiag = Brar,

(R829) Brygia 4y = Bl 1

(R830) Brysia,s) = Bragar —
(R831) Bry(sia.e) = Bragar)
(R832) Brysiam = Bragr, — __

(b)

Figure 9. The relative concentration sensitivity of ozone in the interstitial air of the snow layers at the depth of (a) 2.5 cm and (b) 32.5 cm for

each reaction step in the sequence of the mass transfer processes, on the time of day 3.
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(R746) HOBr(jiquia,s) — HOBr(sia 5) Q
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(R818) Brysiam = Bragiquian 7
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(R822) Br iquid.a) —
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(R824) Br iquia.0) -
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()

Figure 10. The relative concentration sensitivity of ozone in the boundary layer for the mass transfer processes between the ambient air and

the snowpack on the time of (a) day 2 and (b) day 10. (Continued...)
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Figure 10. The relative concentration sensitivity of ozone in the boundary layer for the mass transfer processes between the ambient air and

the snowpack on the time of (a) day 2 and (b) day 10.
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