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Abstract. Sun-lit snow is increasingly recognized agem-  mit Halogen-HQ experiment (GSHOX). The model predicts
ical reactor that plays an active role in uptake, transforma- that reactions involving bromide and nitrate impurities in the
tion, and release of atmospheric trace gases. Snow is knowsurface snow can sustain atmospheric NO and BrO mixing
to influence boundary layer air on a local scale, and given theatios measured at Summit, Greenland during this period.
large global surface coverage of snow may also be signifi-
cant on regional and global scales. We present a new detailed

one-dimensional snow chemistry module that has been cou;  |ntroduction

pled to the 1-D atmospheric boundary layer model MISTRA.

The new 1-D snow module, which is dynamically coupled The significance of chemistry in surface snow and on ice
to the overlaying atmospheric model, includes heat transporvas first discussed in the context of boundary layer ozone
in the snowpack, molecular diffusion, and wind pumping of depletion events in the coastal Arctic during sprittags-
gases in the interstitial air. The model includes gas phasenann and Plaft1994 Barrie et al, 1988 Foster et al.2001).
chemical reactions both in the interstitial air and the atmo-This ozone loss has been attributed to catalytic destruction
sphere. Heterogeneous and multiphase chemistry on atm@f ozone by bromine released from frost flowers, open leads,
spheric aerosol is considered explicitly. The chemical inter-first year sea ice, or recycling on aerosol (élgusmann and
action of interstitial air with snow grains is simulated assum- Plat; 1994 Barrie et al, 1988 Foster et al.2001 Simpson

ing chemistry in a liquid-like layer (LLL) on the grain sur- et al, 2007h Kaleschke et a.2004 Kalnajs and Avallong
face. The coupled model, referred to as MISTRA-SNOW, 2006 Simpson et a).2007a Piot and von Glasow2008

was used to investigate snow as the source of nitrogen oxideshao et al.2008. At Summit (in the center of the Greenland
(NOx) and gas phase reactive bromine in the atmospherigce sheet), where the total bromine loading is lower than in
boundary layer in the remote snow covered Arctic (over thecoastal regions, it has been hypothesized that active bromine
Greenland ice sheet) as well as to investigate the link bechemistry may also occur and alter K@artitioning towards
tween halogen cycling and ozone depletion that has been olBH, increasing the oxidative capacity of the atmosphBee (
served in interstitial air. The model is validated using dataterson and Honratl2001, Sjostedt et a.2007 Chen et al.
taken 10 June-13 June, 2008 as part of the Greenland Sun2907).
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Snow-covered regions are also known to produce nitro- .

gen oxides (N@=NO+NO) in the snowpack (e.ddonrath e s chamisry /// troposphere

etal, 1999 200Q 2002 Jones et al200Q Davis et al, 2001, radation

Dibb et al, 2002 Jacobi et al.2004). Vertical gradients of serosol O

NOx and HNG; during summer 2000Honrath et al.2002 00 00 e mse chemiony

as well as shading experiments and measurements of gases « 50,0

interstitial air Jacobi et al.2004) suggest a photochemical

NOy source in the surface snow. wind s
Recent laboratory experiments show that OH producecs _=™4 4 DYpimere

from nitrate at the surface of frozen ice reacts with bro- ’ Ovo O O O O O

O
mide to form gas phase bromine with high efficiengyo{ o
batt et al, 2010. This suggests that nitrate is an oxidant that ¢ O O r«dlk'lf:zqgwm:gmpyg O OO
contributes to halogen activation and release at the surface ¢ O O O O O
show grains. Earlier work bgeorge and Anastasi@007) O«—W;:"Igj;",:;r O O O O O
showed that photolysis of solutions containing bromide and
either nitrate or HO, formed gaseous bromine via photo-
chemistry and that the production was dependent on pH. Th

inversion

atmosphere

o

boundary
layer

snow surface

. . %ig. 1. Schematic depiction of the most important local processes
production of OH at ice surfaces from both® and NO; controlling the atmospheric composition over sunlit snow. These

has ?ISO been demons”_ated ®lu and Anastasi()2003. . processes are also included in the one-dimensional boundary layer
The interplay between nitrate and bromide photochemistrymqgel MISTRA-SNOW, where gas phase chemistry is calculated in

has recently also been studied in thin water fillR&chards gl layers, aerosol chemistry is included in the boundary layer, and
et al, 201J). In addition to these laboratory and theoretical snow LLL chemistry is included below the snow surface.

studies, the motivation for our model comes from indirect
evidence for halogen chemistry at Sumnijqstedt et al.

2007 and direct evidence for NOn the boundary layer re- Vertical mixing and boundary layer evolution are impor-
sulting from snowpack chemistry (e.dacobi et al.2004 tant because they can modulate surface trace gas concentra-
Jacobi and Hilker2007). tions. Due to the particular properties of snow, i.e. low tem-

Model work on nitrate photolysis occurring in a liquid-like peratures and high albedo, boundary layers can become very
layer on snow grains has suggestedNi® snow is the most  shallow during times of low and absent sun, i.e. during night
likely source of NQ in the atmosphere above remote, snow or winter. A successful model description has to include the
covered regionsJacobi and Hilker2007 Boxe and Saiz- boundary layer evolution and related mixing processes in or-
Lopez 2008 Bock and Jacobi2010. HONO release from der to correctly model observed atmospheric mixing ratios.
the remote snowpack has been measured in the Aithio( ~ Observations of chemistry over snow and ice have resulted in
etal, 2001 Dibb et al, 2002 Honrath et al.2002 and recent  increasing interest in the boundary layer processes that gov-
model work suggesting HONO is formed from j@n the  ern exchanges between the snow surface and the atmosphere.
surface of snow grains, followed by transfer to the interstitial A recent review byAnderson and Nef{2008 provides an
air and mixing upwards via wind pumping was presented byexcellent overview of these processes in polar regions.

Liao and Tan2008. The strong influence of snow photochemistry on the over-

Despite numerous observations demonstrating the imporlying air is partly because snow is a highly porous medium.
tance of snow photochemistry, our quantitative understandinterstitial air occupies approximately 70 % of the snow vol-
ing of the chemistry in the coupled snow, firn (snow that hasume and is efficiently exchanged with the overlying atmo-
been left over from past seasons), and atmosphere system$phere through gas diffusion and wind pumping. Gases in
poor. Based on field and laboratory observations as well aghe interstitial air undergo gas phase chemical reactions and
modeling studies of snow physics and chemistry an initialbecause of the high ice surface to interstitial air volume
picture of the mechanisms controlling this highly coupled ratio the air composition is highly dependent on heteroge-
system has emerged, shown in Fig(Domine and Shep- neous/multiphase chemistry on ice surfaces. These processes
son 2002 Grannas et al2007 Domine et al. 2008. Well are often driven by solar radiation making snow interstitial
known tropospheric photochemistry of HONOy, VOCs, air a unique coupled physical-chemical system. Two recent
and ozone occurs over snow covered surfaces. Reactive halpapers Grannas et al2007 Domine et al. 2008 have re-
gen chemistry also plays an important role in many environ-viewed these processes and have called for new photochem-
ments and evidence for reactive halogen chemistry at Sumical models of snow that are based on a detailed description
mit during 2007 and 2008 is presented®iytz et al(20117), of snow chemistry and its coupling to the atmosphere.
Thomas et al2011); Brooks et al(2011); Liao et al.(2011); The development of the coupled model (MISTRA-
Haman et al(2011); andDibb et al.(2010. SNOW) was motivated by the desire to explain previously

observed elevated levels of N@t Summit, Greenland, as

Atmos. Chem. Phys., 11, 4894914 2011 www.atmos-chem-phys.net/11/4899/2011/



J. L. Thomas et al.: Modeling chemistry in and above snow at Summit, Greenland — Part 1 4901

well as new measurements of NO and BrO during the 20072.2 Physical properties of snow
and 2008 GSHOX experiments at Summit. In this study we
provide a proof of principle that photochemistry in the snow The physical description of the snowpack in the model in-
is a source of gas phase nitrogen oxides and reactive bromingudes the liquid like layer (LLL) thickness, snow grain ra-
in the boundary layer at Summit and other snow covered ardius, density, liquid water content, and heat capacity. For
eas. We investigate whether local production of gas phase resalculation of mass transfer between the gas phase and the
active nitrogen and bromine species in the surface snowpacice we assumed spherical snow grains. We used a snow
can explain atmospheric measurements of BrO, NO, and Ograin radius of 1 mm that was chosen based on prior cam-
made at Summit, Greenland during 3 days in June 2008. Wgaign data (unpublished data from the campaign summa-
focus on 2008 instead of 2007 because the boundary layetized by Dibb et al, 2007. The density f = 0.3gcnT3),
profiles of temperature and humidity were measured as panvas chosen based on typical conditions observed at Summit
of the suite of measurements in 2008. The comparison als¢Z. Courville, personal communication, 2008). We treat the
serves as a validation of the model framework. We also conLLL as a 10 nm thick LLL on the surface of a spherical snow
sider the current modeling results in the context of previousgrain (Rosenberg2005. We took the LLL thickness from
field experiments at Summit. In a companion paper, we willthe compilation ofRosenberg2009 that includes data for
discuss the impact of halogen chemistry on#hd model the thickness of the liquid layer on the surface of pure ice.
sensitivity to a number of input parameters and environmen-There is a wide range of measurements in the temperature
tal conditions including HONO, pD, and HQ, chemistry  range relevant to our model. Given that measurements for
(Thomas et a).2011). pure ice range from 1 nm t&30 nm, we picked a thickness
in the mid range of these measurements. There is also evi-

o dence that the liquid layer thickness varies with temperature

2 Model description and ion content. However, there is no clear parameterization

of how thickness varies and we have not included tempera-

L:\tr;rgz Sheecrtg_)gn\gvi E:gjgln t@%gﬁiylse&'lv Oc\)/{/tr\;\itr? zvﬁoccouusp(ljendture or ion content dependence in the current model version.
P ' ' Liquid water content was calculated based on density, snow

the new snow module, and the initialization chosen for Sum-_ " . L .

mit, Greenland for June 2008. Figut@rovides an overview grain radius, and liquid layer thickness.

of the physical and chemical processes included in the cou-
7-72.2.1 Heatflux th h th

pled model. The boundary layer model MISTRA was orig- eat flux through the snowpack

inally a microphysical model and was Iater.expanded 0 IN-The heat flux in the snhowpack is explicitly calculated and the
clude gas, aerosol, and cloud.droplet chemlslgn(QIasow temperatures are used for snow chemistry and calculation of
etal, 2_002ab). MISTRA alsq includes a description of the gas phase diffusion constants. The effective thermal conduc-
dynamics and thermodynamics and treats feedbacks betweqR/ity of snow ket is the proportionality factor between the

radiation and particles. temperature gradieatT /dz and the heat fluy:

2.1 1-D vertical grid dT

q= —keffd— (1)
The physical properties of the snowpack change rapidly with N
depth. The rate at which photochemical reactions proceeg has contributions from several physical processes includ-
decreases rapidly with depth near the snow surface becausgg heat flux through the solid ice and interstitial air and
the actinic flux decays exponentially with depth. To accounthas a wide range of measured values. For dry snow, val-
for the fine spatial scale over which snowpack chemistryues forkes range between 0.025-0.65 WHK ~1 and ke
and physics changes, the snow/firn is represented as a ongalues of windpacked surface snow on polar ice sheets vary
dimensional vertical log scale grid to a depth of 3m with from 0.15-0.20 W m! K~ for a density near 85gcnt3
a total of 20 grid cells. The atmosphere is represented byDomine et al, 2009. Given these data, we usdgy =
an evenly spaced grid with 1 m vertical grid spacing in the 0,25 W m~1 K~ in the model run presented here. In order to
lowest 100m and a logarithmically spaced grid from 100—calculate the temperature variation in the snowpack we use
2000 m. The fine grid spacing in the atmosphere is necessamhe time dependent equation:
to correctly simulate the shallow boundary layers that occur
during evening hours over snow covered regions. The snowd7 _ i( ket ﬂ) @)
pack and atmosphere are coupled at the surface of the snowdr 9z pCp 0z

pack through gas flux that occurs by both diffusion and wind
pumping (discussed below). wherep is the density of the snowpack ai), is the heat

capacity.
To calculate the temperature of the surface and force a
diurnal cycle in the atmospheric boundary layer, the upper

www.atmos-chem-phys.net/11/4899/2011/ Atmos. Chem. Phys., 11, 48992011
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Table 1. Parameters to calculate the vertical wind pumping speed and diffusion a Summit, Greenland.

Parameter  Description Value  Units Reference

m dynamic viscosity of air Bx10° Pas List (1884

Asurf relief wavelength Ix102 m see text

h relief amplitude 5x102 m see text

a horizontal aspect ratio of relief 1 unitlessAlbert and Hawley(2002

k permeability 80x1010 m2 Albert and Shult22002

u10 horizontal wind speed 3.0 nmd average of NOAA observatiofis
T tortuosity 0.5 unitless Albert and Shult42002

* Mefford (2010

boundary condition for integration of EqR)( is calculated
according to:

| R

whereTg is the surface temperaturEymp is the amplitude

Tsurfz Tamp<1+ SII’][27T (

of air, Agyrf is the relief wavelength is the relief amplitude,

«a is a horizontal aspect ratio of the relief relative to wind di-
rection,z is the depth from the snow surface, ang is the
horizontal wind speed 10 m above the snow surface. The pa-
rameters used for modeling wind pumping are summarized
in Table 1. The horizontal and vertical relief size is cho-

of the surface temperature oscillation in,is the hourin  sen based on our visual observations in the field during the
local time, andmin is the hour when the surface tempera- GSHOX campaign.

ture reaches a minimum. We use a diurnal variation in the The total gas transport is the sum of both molecular diffu-
snow surface temperature guided by snow surface temperasion and wind pumping. We calculate the effective diffusion

ture measurements (B. Seok and D. Helmig, personal comgonstant (in m?s~1) as the sum of both contributing terms
munication, 2008) to drive the temperature variability in the ©)

snowpack. Similarly, we use this temperature as the loweK =7 Dg+UfimAz

boundary for the atmosphere ensuring consistency betwee\w,hereDg is the gas phase diffusion constant (bdif and

the snow surface and the atmosphere. The values used fqJ; . are a fuction of depth; is the tortuosity, and\z is the

fmin @ndZamp in the model run aremin = 2 (the temperature  grid spacing. Note that the second term of this equation rep-
reaches aminimum at 2 am local time) alghp=20 (220K resents an area-averaged effective vertical diffusivity arising
diurnal variation in the surface temperature). In future ver-from the wind pumping.

sions of the model we plan to solve for the surface energy pue to the uncertainty in the representation of wind pump-
budget in order to more completely treat snow-atmosphergng we have completed a number of sensitivity runs to under-

heat flux.
2.2.2 Gas transport in the firn

Gas transport in the snow and firn is treated as the su
of two process, wind pumping and molecular diffusion.
The diffusion constant for gase®}y, is approximated as
Dg = Aqirv/3 (Gombosj 19949 using the mean molecular
speed { = +/8RT/(Mm) whereM is the molar mass) and
the mean free path lengthh ;). The vertical wind pump-
ing is calculated according ©unningham and Waddington
(1993:

6kpair h \/052+1 2

z
Utim = exp(—- 4
fin 7T LAsurf Asurf & #10 p( 5) @
usingé defined as
8:1- o Asurf (5)
2«/0[24-1 T

whereUsrn is the vertical wind pumping speekljs the per-
meability, pair is the density of air is the dynamic viscosity

Atmos. Chem. Phys., 11, 4894914 2011

stand how the system behaves. Plots of the 2 and 10 m wind
speed during the three day model focus period can be found
in the Supplement. We have also included runs using the

n%Jsing the hourly binned measured wind speed instead of a

constant 3 ms! wind speed that show the model results are
very similar to the base run presented here.

2.3 Chemistry

The model treats gas and aqueous chemistry in the atmo-
sphere and snowpack as well as transfer between the gas and
aqueous phases, heterogenous reactions on aerosols are in-
cluded in the atmosphere. A complete list of reactions for
the new model including both the gas and aqueous phases
as well as the Henry’s law constants and mass accommo-
dation coefficients are included in the Supplement. The re-
action set is based oron Glasow and Crutze(2004 with
updated rate constants accordingsander et al(2006 and
Atkinson et al(2006. The aqueous reaction mechanism was
originally developed for chemistry in aerosol particles and
has been modified to be consistent with the mechanisms for

www.atmos-chem-phys.net/11/4899/2011/
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gas phase whereE; (z) is the actinic flux at depth, E; (z =0) is the in-
Br BrNO, Bro cident irradiance at the surface of the snowpack Q at the
f surface of the snowpack), arg is defined as the e-folding
hv o, hv OH, M depth King and Simpson2001). We use an e-folding depth

HO
Br,—> Br —> BrO—> HOBr  NO = NO,——_
3

of €, =10cm, measured for nitrate at Summit, Greenland
(Galbavy et al.2007) for all species that undergo photolysis.
Surface and in snow photolysis rates for N&re shown in

Fig. 3. The modeled surface photolysis ratdgd,) are in
good agreement with measured rates on 10 June 2008. The
measurements afyo, show similar agreement with model
H20, results (not shown) for the remaining two days relevant for
liquid layer this model run.

Br, «——<——<——Br

h )
A// O+ No, < No
CI" Br HOBr H* OH M

2.4 Model initialization

Fig. 2. Chemical pathways important for N@nd reactive bromine 1 h€ model is initialized with gas and aqueous phase concen-
cycling at Summit, Greenland. trations. The initial surface gas phase and the LLL concentra-

tions are summarized in Tal?e The initial gas phase mixing
ratios in the interstitial air are vertically uniform for species
NOy release from snow recommendedacobi and Hilker  with long atmospheric lifetimes (for example CO) and decay
(2007 as well asBoxe and Saiz-Lope2008. A reaction  with snow depth for reactive species (for exampig.@que-
scheme including the most important chemical reactions diseus phase concentrations are initially equal to the Henry's
cussed here is summarized in Fxg. law equilibrium concentration for volatile species. For non-
The prognostic equation for the concentration of a gasvolatile species (ions) the initial concentration is equal to:

phase chemical speciag (in mol m;f) including wind

pumping, diffusion, chemical production and destruction, Cliauidlayer= @ X Csnow (10)

and exchange with the aqueous phases is given by where Csnow iS the concentration in melted surface snow

deg D deg/p(2) Ca measured by liquid chromatography at Summit during the

T (Kp(Z)T) —D+P—k (wlc‘g - F) (7) days chosen from the GSHOX field campaign period for the
H

model runs. lon partitioning between the core and surface
wherex denotes the sum of diffusion and wind pumping (de- layer is represented by, an enhancement factor that ac-
scribed above).P and D are chemical production and loss counts for the difference between the measured (bulk) con-
terms, kg is the dimensionless Henry constant obtained bycentration in melted snow and the concentration in the LLL.
k$¢ =ky RT, whereky is in mol m3Pal, wy is the dimen-  The fraction of the ions present in the LLL is given by
sionless liquid water content @ym3,) of the snow LLL.  #/¢max Wheré¢max is determined by the properties of the
The last term in Eq.®) describes the transport from the gas Show grain and the LLL. The exact value @fax is deter-
phase into the aqueous phase according to the formulation bipined by the ratio of LLL volume to the snow grain volume
Schwartz1986 (see als®ander1999a. For a single snow  (for the parameters used to describe snow grains in our model

grain, the mass transfer coefficidntis defined as dmax=3.3x 10%). The parametep describes how ions are
distributed between the LLL and the ice-like core of the snow
b= (i n 4_r)l ®) grain and is a fitted parameter in our model. Althougrs
T 3Dy 3 not well known, exclusion of non-volatile species from the

) ) . ~ ice matrix and formation of a liquid brine during freezing is
with the snow grain radius, the mean molecular speed 5 el known phenomenon. In addition, gas deposition fol-
(defined above in Sect. 2.2.2), the accommodation coefficient, ;g by dissociation in the LLL (for example for HNO
« (see Supplement), and the gas phase diffusion coefficienienosition followed by dissociation to formHand NG;)

Dy (defined above). should also increase surface ion concentrations compared to
the bulk composition. The extent to which ions are mobile
in the ice matrix, and how temperature cycling affects ion
Segregation at the surface of snow grains also affects ion par-
titioning.
Experiments suggest that chloride is concentrated in quasi-
brine layers present in frozen sodium chloride soluti@@tsg

et al, 2002 and that the presence of chloride ions impacts

E;(z) = Ex(z=0)exp(—z/€;) (9) water structure at the ice-air interfad€ahan et al. 2007).

2.3.1 Calculation of photolysis rates

Photolysis rates in the atmosphere are calculated online
a function of altitude using the method @fndgraf and
Crutzen(1998 with a four stream radiation code. Photol-
ysis rates in the snowpack are calculated according to:

www.atmos-chem-phys.net/11/4899/2011/ Atmos. Chem. Phys., 11, 48992011
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Table 2. Initial gas and liquid-like layer (LLL) concentrations for model runs conducted based measurements taken in June 2008 as well as
previous measurements at Summit, Greenland.

Species gas phase (surface) Reference LLL (initial) measured (melted surface snowj) Reference
unit ppb M M
O3 55 measured - - - -
NO> 0.02 Jacobi et al(2004 and - - - -
Hutterli et al.(2002)
HNO3 0.01 Dibb et al.(2002 - - - -
HCHO 0.1 Jacobi et al(2004 2.0x10°5 - 1 Henry’s law based on
Chameides(1989
Hy0o 0.4 Jacobi et al(2009 and  10x 103 - 1 Henry’s law based on
Hutterli et al.(2007) Lind and Kok(1999
co, 388 (ppm) NOAA (Flask) - - -
CcoO 130 measured - - - -
Br- - - 33x 1074 1.0x 108 33x10* Dibb etal.(2010
cl- - - 18x 1072 55x10°7 33x10* Dibb etal.(2010
NO3 - - 88x 1073 35x10°6 25x10° Dibb et al.(2010
HT - - 88x 1073 35x10°6 25x10%  equal to nitraté
Nat - - 19x 1072 5.6x107 33x10* counter iorf
1 Conway et al(2009.
2 Assumed nitrate is primarily from frorNO3 deposition (therefore{],_q is equal to NOz1i=0)-
3 Counter ion for halides.
0.03r described by freezing point depression. Pure ice also has

o surface (measured on 6/10/08)
surface (modeled)
0.025¢ -10 cm (modeled)
—— —40 cm (modeled)

a significant liquid-like layer at the surface that forms due
to anisotropy at the ice-air interface in the absence of ions,
as summarized byRosenberg20095. The difference be-
tween the quasi-brine layer and liquid layer at the surface
—~ of ice has recently been discussed in more detaiKiop

‘v 0.0151 _et al. (201). Given the presence of_a liquid layer on pure
9" ice and the knowledge that chloride is concentrated in a lig-
- uid layer upon freezing, we chogey gr such that all bro-
0.01f mide and chloride ions observed in melted surface snow are
presentin the LLL. Our initial chloride and bromide concen-
0.005¢ tration (as well as the sum of all ions in the liquid layer) is far
‘ below the liquid layer concentration suggested by freezing

point depression<5 M). However, because the properties of
the ice-air interface contain a combination of the properties
of the quasi-brine layer present internally in the ice matrix
and the properties of the pure ice-air interface we believe this

Fig. 3. Jno, measured on 10 June 2008 (in blue) compared withis a reasonable assumption for the composition of the liquid
the modeled/no, (in red) at the snow surface. Modelégo, data layer.

atdepths of 10 cm and 40 cm are also shown. For nitrate, the evidence for how to distribute ions between
the ice core and the LLL is less clear. One could assume
that nitrate behaves the same as chloride and bromide result-
Molecular dynamics simulations provide evidence that chlo-ing in all of the ions in the LLL. But this is not necessarily
ride is excluded from the ice matrix upon freezingrlfka the correct conclusion as nitrate and the halides are predicted
and Jungwirth2005 and that chloride and bromide are more to behave differently at the air-water interface. In addition,
concentrated at the surface of liquid water solutions at ambimolecular dynamics simulations show bromide has an influ-
ent temperatures than nitratéuggwirth and Tobigs2001, ence on the amount of nitrate present at the surface of thin
2002 Mucha et al,2005 Thomas et a).2007). Thereisalso  water films, but that the effect is dependent on the counter
evidence that the quasi-brine layer present in frozen NaClon present in the solutiorR{chards et a).2011). Recent
solutions is a function of both the ion concentration and tem-work by Kf¥epelow et al.(2010 that included a surface spe-
perature Cho et al, 2002 and that the composition is well cific probe of the ice-air interface did not show evidence for a

0
0:00 4:00 8:00 12:.00 16:00 20:00 24:00
time (hours)
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nanometer thick liquid-like layer upon exposure to gas phasdore, we anticipate that the composition of local air masses at
HNOg, although experiments were conducted at a lower tem-Summit was strongly influenced by contact with the surface
perature (230 K). One could also calculate the initial nitrate snowpack.
concentration from the Henry’s law equilibrium concentra-
tion of HNO;3 at a given temperature, which would result in 3.1 Boundary layer evolution and mixing
much lower initial LLL nitrate. There are many reasonable
initializations for nitrate that range from 100 % tal % of Atmospheric trace gas concentrations at Summit during this
the nitrate in the liquid layer. Given this we adjusted the period, and above many other snow covered surfaces, are
initial LLL NO 3 so that the peak modeled atmospheric NO strongly modulated by diurnal boundary layer evolution. Ra-
mixing ratio matched the measured value, such that 6 % ofliative cooling at night causes the formation of shallow and
the total available nitrate in melted snow is in the LLL. In fu- stable temperature inversions, which often extend from the
ture work we plan to test different models of the LLL thick- ground to 20-30m in height. In the morning, solar sur-
ness, structure, and composition test model sensitivity to difface heating leads to the breakup of this layer, forming a
ferent representations of the LLL. We have completed an ini-well mixed daytime boundary layer, typically 200-300m
tial set of runs to demonstrate the sensitivity to different ni- high during the campaign. The three days chosen to test
trate LLL initializations (presented in the Supplement). A our model generally follow the described boundary layer be-
more complete set of sensitivity runs looking at model be-havior (Fig.4). The evolution of temperature throughout the
havior for different LLL compositions will be discussed in three day model run is shown in Figa (atmosphere) and
an accompanying manuscrigtfomas et a).2011). b (show). Measured boundary layer profiles are shown in

Aqueous phase chemistry to oxidize bromide to bromineFig. 4c and modeled boundary layer profiles at the corre-
is known to be pH dependent, therefore particular care needsponding times are shown in panel d. Both the model and
to be taken in initializing the pH in the LLL. Assuming that Measurements show that a shallow inversion layer forms dur-
HNO3 uptake is the major source of LLL acidity (noting ing the night time hours when the sun nears the horizon.
that HCI makes a less significant contribution), we assumeAt mid-day surface warming leads to rapid growth of the
one Nq ion has one Corresponding"'Hon_ We therefore bOUndary |ayer. The Comparison of measured and modeled
use the initial nitrate concentration in order to determine thetemperature profiles at Summit during the 2008 campaign
initial H concentration in the LLL, for the conditions de- shows that the model accurately captures mixing between
scribed here the initial pe 2. It should also be noted that the boundary layer and the overlying air. The temperature
the current model set-up and initilization is not intended for evolution in the snowpack (Figlb) is also consistent with
seasonal simulations for which large scale forcings such agheasured in snow temperature profiles at Summit during late
long range transport and deposition of bromine and nitrate toyune 2008 (B. Seok and D. Helmig, personal communication,
the snow and snow physics would have to be considered. 2008).

The atmospheric aerosol number and size distribution was o .
initialized by parameterizing aerosol size distribution mea-3-2 NO« mixing ratios
surements at Summit on 12 June 2008. The size distribu- , i i
tion consists of fine aerosol particles primarily smaller thanA Number of studies have reported high levels of atmospheric

0.1 um with an average total aerosol number concentration of Ox @bove the snow in Greenland as well as at South Pole
168 cnt3. Particles are initialized with CI. Br— NOj;, H* Station in Antarctica and elsewhere (edpnrath et al.1999

and Na based on collected filter samples during the same200Q 2002 Jone_s et a]200Q Davis et al, 2001, Dibb etal,
time period Dibb et al, 2010, while also ensuring initial 2009: At Summit, the coupled MISTRA-SNOW model pre-
ion balance in the aerosol. dicts NO and N@ mixing ratios in the atmosphere result

from nitrate photochemistry occurring in the LLL (Fids.
and6). In the model, nitrate in snow grains is photolyzed to
form NO, (ReactionR1), which is subsequently transferred
from the LLL to the gas phase (ReactiB2).

We focused on three days of observations (10 June-— .

13 June 2008) made during the GSHOX experiment at SuUmNO; (ag) +hv LA NO2(ag) + OH(ag) (R1)

mit, Greenland in order to test MISTRA-SNOW. This focus

period was chosen due to consistent meteorological condi-

tions during the three day focus period as well as simulta-NOz(ag) —> NO2(Q) (R2)
neous measurements ogONO, BrO, HQ.. In addition,

FLEXPART emission sensitivity maps indicate that the air at A second, minor, nitrate photolysis channel is also present
Summit during this period had been cycling over the Green-that produces N® and COP (ReactiorR?3).

land snowpack for at least three days prior to the focus period

without influence of marine airStutz et al, 2011). There-  NO; (ag) +hv — NO; (aq)+O3P(aq) (R3)

3 Results and discussion
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Fig. 5. Modeled NO mixing ratios in the atmosphgi) and in-

terstitial (B) air. Modeled mixing ratios in the atmosphere at an
Fig. 4. Modeled temperature evolution of the atmosphere and firn inltitude of 1.5m above the snowpack are compared with measure-
the upper panelgA) and(B). Tethersonde measureme(® com- ments in(C). Predicted interstitial air mixing ratios 10 cm below the
pared with modeled temperature profil&y.( snow surface are shown (D).

NO, in the interstitial air is in a pseudo steady state (PSS) Plots of measured and modeled NO atmospheric mixing
with NO (ReactionR4 andR5). ratios (Fig.5a and c) clearly show the vertical distribution of

NO is impacted by the boundary layer evolution. Gas phase
NOy emissions from nitrate in the snow grains to the intersti-
(R4) el . - . .
tial air peak with solar radiation, however the diurnal profile
of atmospheric NO mixing ratios do not peak at solar noon.
NO(g) + 03(g) —> NO»(g) + O2(0) (R5) Fluxes out of the snowpack are modulated by the influence
of mixing processes in the atmosphere. In the early morning
Under the conditions present at Summit NO reacts moreNO is mixed upwards and confined to a shallow layer near
quickly with Oz than with HGQ and ReactionR5) is the  the surface. The boundary layer breaks up later during the
dominant NQ production mechanism in the gas phase. Theday and NO is rapidly mixed into a larger volume, then in
NOy mixture produced in the snow is then mixed upwardsthe late afternoon NO is again confined to a shallow layer.
and downwards via a combination of wind pumping and dif- The dip in mid-day NO mixing ratios is not due to a decrease
fusion. As air is mixed downward, out of the region where in NOy in the interstitial air.
photochemistry occurs, the PSS shifts to N@ue to the A snow source of N@ combined with atmospheric mix-
lower actinic fluxes deeper in the snow. As air is mixed up-ing explains the behavior of NO at 1.5 m altitude, resulting
wards out of the snowpack and actinic flux increases the PS& NO peaks in the early morning and the later afternoon. It
shifts towards NO, until it reaches the atmospheric PSS at thés important to note that NO does not disappear completely
surface. The surface NOnixing ratios are also modulated at night, as the N@ photolysis rate does not drop to zero
by boundary layer height (discussed below). during this time of the year at Summit. Agreement between
In order to model the absolute levels of NO in the atmo- model predicted NO mixing ratios and measurements pro-
sphere, the nitrate partitioning between ice and the LLL wasvides strong evidence that the MISTRA-SNOW model con-
adjusted so that 6 % of the total nitrate in melted surface snowains a reasonable representation of snowpack ki@m-
was present in the LLL. The initial nitrate concentration is anistry and mixing processes. It should be noted here that the
adjustable parameter that was used to model NO photochendiurnal variation of NO mixing ratios are obtained without
istry. While there is no direct measurement that indicatesadjustment of the model parameters, while the absolute val-
how much nitrate should be in the liquid layer vs. the coreues were obtained by adjusting the nitrate partitioning be-
of the snow grain, the resulting predicted NO mixing ratios tween ice and the LLL.
are in excellent agreement with atmospheric measurements Unlike NO, NG, was not measured during the GSHOX
of NO during the selected 3 day period at Summit in 2008 campaign. Therefore, there are no N@easurements to di-
(Fig. 5¢). rectly compare to model calculations during this period. Fig-
ure6a and ¢ show that the model predicts Ngeaks in the
atmosphere during the night. The model predicts, M@x-
ing ratios up to a maximum of 60 ppt at night, which are con-
fined to the lowest 20 m of the atmosphere. The majority of
night time NQ in the atmosphere results from upward mix-
ing of NO» in interstitial air, where a large excess of NO

NO2(g) +hv 2 NO(g) + O3(9)
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6/_1%) 0:00 6/110:00 6/120:00 6/13 0:00 6/1% 0:00 6/110:00 6/120:00 6/13 0:00 the snowpack. In order to consider the current model re-
date and time (local) date and time (local)

sults in context of prior field work at Summit, we have com-
pared model results with the diurnal variation in vertical gra-
dients of NQ and HNQ measured in the lower 2 m above
the snowpack at Summit, Greenland, during summer 2000
(Honrath et al.2003. Honrath and co-workers measured the
diurnal cycle of the difference between N@ixing ratios at
3.5 and 200 cm above the snow, resulting in a maximum dif-
ference during mid-day (representing a flux out of the snow-
persists into the night. A small fraction of the night-time pack). Because the first grid box in the model atmosphere is
NO; is also produced from the conversion of NO to NO one meter in height, in order to compare with these vertical
While this behavior does not reproduce the,Nflurnal pro-  gradients, we calculated the gradient between the snow sur-
files measured at Summit in summer 1999, it is more consisface (upper most snow grid cell) and the concentration in the
tent with measurements taken during summer of 2000 wher@tmosphere at a height of 1.5m. The model predicts a mid-
the peak occurred later in the evenidpfirath et al.2002.  day peak in the vertical gradient of N(at the same time as
In order to definitively determine if the predicted N@ix- measured by Honrath and co-workers (Fig. 2b), showing the
ing ratios in both the atmosphere and interstitial air are reamodel agrees well with the measured diurnal cycle foxNO
sonable direct comparison with simultaneous measurements The diurnal cycle of HN@ was also measured using in-
of both NO and NG would be requried. However, the ex- let heights of 2 and 200 cm bijonrath et al.(2003, with
cellent agreement with measured NO mixing ratios suggest& maximum vertical gradient at mid-day (representing a flux
that the model contains a reasonable representation gf NOtowards the snow surface). We have computed correspond-
chemistry. ing vertical gradients in model using the same method de-
Interstitial air NO and N@ mixing ratios have a clear di- scribed above for NQ The model predicts a small gradient
urnal profile modulated by available sunlight. NO mixing of HNOs, representing a flux out of the snow during mid-day
ratios have a maximum at 10 cm depth (230 ppt) as shown iras well as a less significant uptake of Hjkiack to the snow
Fig. 5b and d. The loss by vertical mixing and transport is at night. Gas phase production of HNGccurs in the inter-
efficient near the surface, thus rapidly transporting NO to thestitial air via the reaction of N@+ OH (ReactiorR8) during
atmosphere above from a depth of 10cm. The shift in themid-day due to elevated concentrations of both reactants.
NOy PSS, on the other hand, leads to a decrease in NO with
depth. Peak N@mixing ratios of up to 700 ppt occur deeper NO,-+OH M, HNO3 (R8)
in the snowpack (approx. 20 cm depth, Fah.and d) due to
the longer lifetime of N@ as well as the shift in NQPSS  Disagreement between the sign of the vertical gradient of
towards NQ with depth. HNO3; at mid-day between the model and measurement
There is some storage of reactive nitrogen agON  could be due an unknown input of atmospheric HN@m
(formed via ReactiorR6) and BrNG (formed via Reac- an external source, for example atmospheric transport to
tion R7) in the snowpack during the evening hours,(Qy Summit during measurements made during summer of 2000
mixing ratios increase with depth due to a decrease in actiniéghat was not present during 2008. The small values of the
flux. Up to 40 % gas phase nitrogen is present g®©N\deep ~ measured HN®@ vertical gradient could also be subject to
in the firn. BrNG; is only a small reservoir for gas phase ni- experimental error. Itis also likely we have included an in-
trogen, but is significant as a reactive bromine reservoir (discomplete description of LLL chemistry that results in over-
cussed below). A more detailed discussion of these speciegrediction of interstitial air OH and/or Nfresulting in dis-
and model sensitivity to surface reactions involving BINO agreement in the sign of the gradient. Large uncertainty in
and NoOs as well as their role in snowpack chemistry will be the initial nitrate concentration in the LLL is another poten-
provided in a companion papéeFifomas et a).2011). tial source of of the disagreement.

Fig. 6. Modeled NG mixing ratios in the atmosphef@) and in-
terstitial (B) air. Modeled mixing ratios in the atmosphere at an
altitude of 1.5 m above the snowpack are shown in pé@gINO,

was not measured during the field campaign. Predicted interstitia
air mixing ratios 10 cm below the snow surface are show{Din
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3.3 BrO mixing ratios BrO (pp)

model 1.5 meters

Contour plots of model predicted BrO mixing ratios in the 1

atmosphere and interstitial air are shown in Fig.and b

respectively. Atmospheric BrO shows a similar diurnal vari-

ation as NO (Fig5) with maxima of 2-3 ppt in the morn-

ing and late evening. Model BrO is compared with mea- £ .

surements of BrO by chemical ionization mass spectrometry £

(CIMS) and long-path differential optical absorption spec- -, : : _ o _ _ _
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troscopy (LP-DOAS) in panel ¢ and predicted interstitial air date and time (local) date and ime (local)

mixing ratios are shown in panels b and d. The model BrO

generally agrees well with the observations within the un-

certainty, although there are some differences during the firsfi9- 7- Modeled BrO mixing ratios in the atmosphe(®) and in-

day of the model run, most likely due to the low initial gas tgrstltlal (B) air. Modeled mixing ratios in tha atmosphere at an al-

phase reactive bromine mixing ratio in the interstitial air andtItUOIe of 1.5m above the Snow.paCk are Compared. with pqth CIMS
and LP-DOAS measurements in pa(@€). Predicted interstitial air

atmosphere. ) .. L mixing ratios 10 cm below the snow surface are showfbin

Atmospheric BrO mixing ratios in the model result from a
small reactive halogen flux from bromine impurities in sur-
face snow that undergo photochemistry and subsequent re-

altitude (m)
u
o

BrO mixing ratio (ppt)

lease from the snowpack (referred tolasal productior). HOBr(ag) + Cl~ (ag) + H* (ag) «— BrCl(ag) (R13)
Model predicted BrO in both interstitial air and the atmo-
sphere is formed from photolysis of B(ReactionR9) fol- +H,0(ag)
lowed by reaction with ozone (Reacti®10).
Bra(g) + hv —> 2Br(g) (R9) HOClag+Br~(ag+H"(ag «— BrCl(ag (R14)
+H20(ag)
Br(g) +03(9) — Bro(g) +02(9) (R10)
BrCl(ag) +Br~ (ag) «— Br,CI~ (ag) (R15)

Molecular bromine is formed via aqueous chemistry in the
LLL by a series of reactions that begin with oxidation of the
bromide ion (ReactioiR11) to form Br, followed by trans-  Br,CI~ (ag) «— Bra(ag) +Cl~(ag) (R16)
fer of bromine from the LLL to the gas phase (Reaci®).
In order to understand the mechanism for bromine release
1 from the LLL, we have conducted three test runs (1) with no
Br~(ag) — —— =Brz(ag (R11) initial chloride inthe LLL, (2) initially neutral pH in the LLL,
2 and (3) with the Br + OH reaction rate equal zero. Runs 1
and 2 (not shown) predict a negligible amount of bromine re-
Bra(ag — Br2(9) (R12)  |ease from the LLL. Run 3 (also not shown) predicts initially
a reduction in Bg by 50 % with smaller reductions (both vary
as function of depth) as the run progresses. The presence of
bromide, chloride, acidity, as well an initial oxidant are all
important for bromine release from the LLL. A similar halo-
gen activation mechanism was originally suggeste¥/diyt
et al. (1996 and subsequent studies on halogen activation

HOBr*. Conversion of bromide to Brin the L!‘L is facil- in aerosols have shown the importance of these processes
itated by the presence of Cldue to fast cycling between ;| Br, and BrCl release from aerosols (eMoldano and
bromine and chlorine species (for example ReactiRa8 Ljungstiom, 200 Platt and Fnninger 2003.

andR14). However, the model does not predict significant " g jromide content of melted snow was measured as part
a_mpunts of Br_CI in the interstitial air because the Br:Cl ra- of GSHOX at SummitDibb et al, 2010 and is known to be

tio in the !‘LL IS ]‘ar In EXCess (?f that fo_r sea water, trlere— present in trace amounts in the remote snowpack. Bromide
fore BrCl immediately reacts with bromine to form &M reacts with OH in the LLL formed from direct photolysis of

(React?oan@ followed by decomposition tq Brand CI—_ H205 in the LLL (ReactionR17) and from photolysis of the
(ReactionR16). Molecular bromine formed in the LLL is nitrate ion (ReactioiR1).

transferred to the interstitial air (Reacti®12) where it can
undergo gas phase photochemistry.

Formation of Bp in the LLL involves many steps and reac-
tion pathways including reactions involving GIBr—, OH,
HOBr, and H" (see Supplement for a complete list of reac-
tions). OH is important as an oxidant in the LLL to initi-
ate bromine production via reaction of OH withBto form
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important role in transporting reactive bromine out of the
snowpack into the atmosphere. During the day BgXrf@ns-
H202(ag) +hv — 20H(ag) (R17)  port contributes approximately 30 % of the reactive bromine
i o . transported to the atmosphere, with a larger percent at night
The relative contribution of LLL OH from BKO; is between |\t on the total flux is at a minimum. Once BIN® in the
60-90 % of the total OH, with typical values of 85%. The atmosphere it is rapidly converted toBfReactionR19),

remainder is primarily formed from nitrate_photolysis, with BrNOz does not form as rapidly in the atmosphere due to
the exact percent depending on the depth in the snowpack. |5\ver NO, mixing ratios than in the interstitial air.

gelease of LLL Bf_also p;]r.ocl':]e.edfs thmg@_lh t;‘e uptakﬁ of Atmospheric aerosol also plays an important role in
H_ Er’: onto s_,nowfgljaragns,. \r’]\/ AC H'S odr_mel Ién t e gr;i PNaSeh omine recycling despite the low total aerosol number con-
via the reaction of BrO with the Hgxadical (ReactiomR18). centrations. It is known that aerosol particles which are
present at Summit can persist for some time above the snow
surface Ziemba et al.2010. In order to investigate the role
of aerosols in bromine cycling, we have completed a model
The gas phase Brlevels can also be impacted by the self fun without atmospheric aerosol in the boundary layer. This
reaction of BrO to form molecular bromine. However, as the 'Un resulted in 30 % less BrO predicted compared to Fag. -
role of the BrO self reaction depends on the square of thdn0t shown). Further investigation of the role of aerosol in
BrO concentration, it is less important for the relatively low Promine recycling at Summit is clearly warranted. _
BrO mixing ratios in our model run. The diurnal profile of BrO, with peaks in the morning

In the interstitial air, where both elevated BrO and NO and early night, is similar to model predicted NO. As in
mixing ratios are predicted, the gas phase reaction to fornthe case of NO, lower BrO concentrations are observed as
BrNO; proceeds rapidly (ReactioR7). A large portion of ~ near surface air is actively mixed and diluted during mid-
the total reactive gas phase bromine in the interstitial air isday- To investigate the influence of local snowpack emis-
in the form of BINQ, near the surface between 15-75% Sions on the diurnal cycle of BrO we have compared model
of the total bromine is present as Briy@nd deeper in the ~Predicted atmospheric mixing ratios to hourly averaged LP-
snowpack (where no photolysis occurs) close to 100 % of thd?OAS measured BrO mixing ratios selected for times dur-
bromine is stored as BrNQ Br» recycling through the gas N9 the 2008 campaign when FLEXPART emission sensitiv-
phase reaction of BrN§with Br (ReactionR19) contributes  ities indicate the source region for air sampled at Summit is
between 40 and 50 % of the totalBormation in interstitial ~ Primarily emissions from the surface of the Greenland ice

BrO(g) +HO2(g) — HOBIr(g) + 02(9) (R18)

air. sheet (Fig8). Agreement between modeled and measured
mixing ratios provides evidence that emissions from the sur-
Br(g) +BrNO3(g) —> Bra(g) + NO3(Q) (R19) face of the Greenland ice sheet are the source of reactive gas

phase halogens in the boundary layer, for a more detailed

Three processes contribute to loss of BiN®the interstitial  discussion se&homas et al(2011). Both the timing of the
air including conversion to Br(ReactionR19), photolysis,  peaks as well as the absolute values of the mixing ratios are
and upward mixing. Gas phase reactions involving BsNO in good agreement. This provides strong evidence that local
are not a net source of bromine in interstitial air and only air masses are influenced by snowpack emissions of reactive
contribute to recycling of reactive bromine back tgBr bromine. Finally, it is important to note that the LLL in the

BrNOgz plays an important role as a gas phase reservoir inrsnowpack is not significantly depleted in bromide during the
the atmosphere as well. While during the day only a smallthree day model run, suggesting that bromine cycling result-
fraction of the total bromine is stored as Brjl@ ambi- ing in at least 3 ppt of BrO can be sustained for longer time
ent air (average<10 %) at night this fraction increases up periods at Summit.
to ~75% due to increased NAmixing ratios (see discus-
sion above). It is not clear if surface reactions involving gas3.4 Oz mixing ratios
phase BrNQ@ occur on the surface of ice, the importance of
surface reactions involving BrN§will be investigated inthe  Predicted atmospheric and interstitial air ozone mixing ra-
context of a model sensitivity study in a corresponding papettios are shown in Figd. The modeled and observed ozone
(Thomas et a).2011). mixing ratios show excellent agreement during the first 48 h

Transport of gas phase reactive bromine out of the snoweof the model run. On the final day of our focus period a
pack occurs through upward mixing of a number of gas phaseapid increase followed by a decrease in the measured ozone
species including Br BrNOs, and BrO. The flux of bromine  was observed, corresponding to a change in wind direction
out of the snowpack peaks at solar noon, when photochemas noted by$tutz et al.2011). This most likely indicates an
ical production of Bg in the LLL is the most rapid. Molec-  air mass change. However, there is no corresponding change
ular bromine is responsible fer45 % of the total bromine in the measured NO or BrO mixing ratios (see NO and BrO
flux out of the snowpack at mid-day. BrN@lso plays an  sections). FLEXPART emission sensitivities do not indicate
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Fig. 9. Modeled G mixing ratios in the atmosphei@) and in-
terstitial (B) air. Modeled mixing ratios in the atmosphere at an
0 : : : : altitude of 1.5m above the snowpack are compared with measure-
0:00 4:00 800 12:00 16:00 20:00 24:00 ments in(C). Predicted interstitial air mixing ratios 10 cm below the
hour (local time)
snow surface are shown (D).

Fig. 8. MOde.Ied BrO mixing ratios compared o the .hou.”y aver Although this model run does not predict significantly de-
aged locally influenced BrO mixing ratios measured in air masses

that have been over the ice sheet for at least 3 days before reachirﬁéem_d ozpne_ mixing ratios in interstitial air, .h"?"oge”. chem-
Summit. Bars of the LP-DOAS data denote the variability of the ! try is still a likely cause of reduced ozone mixing ratios that
data over the averaged days. have been measured in interstitial air (see for exarRplker-

son and Honrat200J). A delicate balance of many factors
including interstitial air reactive bromine mixing ratios, bro-

a significant change in the source region for air sampled durMide content in the snowpack, replenishment of ozone from

ing the time when increased ozone was observed. Our modéf1€ overlying atmosphere, NGnixing ratios, as well as the
does not include the effect of an air mass change, but anfmount of HQ present in the firn air all have a role in de-

change that occurred would only impact the final day of ourtermining ozone concentrations. Rapid destruction of ozone
model run. by bromine in the interstitial air could potentially occur un-

The model run predicts lower ozone in the snowpack thander different conditions than observed during the 2008 focus

in ambient air. However ozone loss in the snowpack doesoer'Od‘

not match the almost complete ozone destruction previously

reported byPeterson and Honra{001). Very near the sur- 4 conclusions

face there is 0zone production in the interstitial air at mid-day

due to the high N@Q concentrations. At night, when there is A one dimensional air/snow multiph ase chemical transport
lower NGy, there is ozone destruction near the snow surfacemodel (MISTRA-SNOW) was developed to simulate the ver-
Specifically, at mid-day there is2 % more ozone at the sur- tical and temporal evolution of atmospheric chemistry at
face of the snowpack than at a height of 1.5 min the boundarysummit, Greenland, and to test our understanding of sunlit
layer. At night, there is-2 % less ozone at the snow surface snow as a chemical reactor. During periods when air masses
than in the boundary layer. Deeper in the snow pack, ozongvere predominantly influenced by local chemistry, character-
concentrations are always lower than in the boundary layeized by residence times on the Greenland ice sheet of at least
due to the initial ozone gradient in the firn. The lack of com- 3 days, combined with stable diurnal meteorological condi-
plete ozone destruction can be explained by a combination ofions the model provides an excellent description of the ob-
factors including only a moderate amount of BrO predictedserved NO and BrO mixing ratios and their diurnal profiles.
ininterstitial air (<15 ppt BrO), resulting in slower ozone de- The specific trends present in both the model and observa-
struction than occurs during typical ozone depletion eventgions during the three day focus period are likely to be ob-
in the Arctic. Second, elevated hydroperoxyl radical con-served when there is a stable boundary layer at night, rapid
centrations in the interstitial air are predicted by the modelventing during the day, and when an air mass has resided
(compared to ambient air). Consequently, there is ozone proever the Greenland ice sheet for some time. A number of im-
duction through NO conversion to NQ@ia the reaction with  portant mechanisms were identified to play a crucial role for
the hydroperoxyl radical. Third, fast downward mixing of the accurate description of boundary layer composition over
ozone via mixing process from the overlying atmosphere re-sunlit snow:

sults in replenishment of any ozone destroyed through gas

phase bromine cycling in the firn air (in the current model

run).
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— During the three day focus period in 2008 both the events (observed during the focus period) and during blow-
model and measurements show that the atmospheri;g snow (not observed during the focus period), which can
boundary layer exhibits a distinct diurnal behavior, with potentially influence atmospheric chemistry of fNénd re-
strong and shallow temperature inversions at night andactive bromine. Mercury chemistry and its link to reactive
in the early morning, and rapid mixing in the late morn- halogens are currently also missing in the model. Further im-
ing to noon. The model, as well as field observations, provements in the model will address these and other issues
clearly show that the boundary layer height is one of theto improve our knowledge of snow photochemistry. Direct
main factors modulating surface trace gas mixing ratioscomparison of the model results with measured interstitial
over sunlit snow. air mixing ratios would also provide a needed constraint on

snowpack chemistry, with the understanding that even small

— Gas exchange processes including wind pumping angerturbations to vertical mixing at the snow surface could im-
diffusion determine vertical redistribution of gases in pact the ability to compare directly model results and mea-
the snowpack and impact the upward flux out of the surements taken in this region. Continued efforts to charac-
snow. In our present model run, the effect of wind terize the chemical composition of interstitial air are essen-
pumping dominates over gas diffusion at the surface oftial. Sensitivity studies as well as a discussion of HONO,
the snowpack, whereas gas diffusion dominates deepeH,0, and HQ, chemistry using the current model version
in the snowpack. Considerable uncertainties in the repwill be presented in a companion paper in this isStteofnas
resentation of wind pumping in the model remain and et al, 201J) to further the goal of understanding the signifi-
further studies are required to improve its description. cance of sunlit snow as a chemical reactor and its impact on

atmospheric chemistry.

— Solar actinic flux is the main driver of nitrogen oxide
and reactive bromine release from the LLL. The ac- Supplementary material related to this
curate description of this parameter requires detailedarticle is available online at:
knowledge of the penetration of actinic flux into the http://www.atmos-chem-phys.net/11/4899/2011/
showpack. acp-11-4899-2011-supplement.pdf

— Aqueous photochemistry in a LLL on the snow grains
yields a reasonable description of the release of nitrogerf\cknowledgementsThe authors acknowledge J. Burkhart,
oxides and reactive bromine. Nitrate photolysis was theD- Helmig, B. Seok, R. Honrath, Z. Courville, C. Anastasio, and
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et al, 2011). Additional research on the physical and
chemical properties of the LLL is imperative to further
constrain these parameters. Abbatt, J., Oldridge, N., Symington, A., Chukalovskiy, V.,

McWhinney, R. D., Sjostedt, S., and Cox, R. A.: Release of

Our results show that a model describing these mechanisms Gas-Phase Halogens by Photolytic Generation of OH in Frozen
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physical and chemical processes, correctly describe coupled Nism?, J. Phys. Chem. A, 114, 6527-6533, 2010.
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