We thank the reviewers for their reviews and recommendation to publish. We
have considered every point and corrected the paper to include their points. The
referees comments are in black, responds from the authors are in blue and
revised text are in red.

Report #1
[Specific comments]

1. The authors now explicitly argue that “the solid-state solution of nitrate
molecules can occur concurrently with surface adsorption” (L150-151). If I
understand correctly, the present model formulation dictates that a
thermodynamic limitation does not exist anymore once HNO3 is retained on/in
the outermost layer of their hypothesized spherical ice grain. As such, HNO3
trapped on the ice surface via Langmuir adsorption is assumed to be transferred
instantaneously across the depth of the order of several micrometers to the
outermost layer of bulk ice and subject to solid-state diffusion further inside
based on the diffusivity having been determined experimentally. I am inclined to
disagree to the claim that this model formulation is entirely based upon the first
principles.

To avoid confusion we now emphasize throughout the paper that the models are
based on physical paramaterisations and laboratory data.

A clarification has been added to the text (See below in red) in Section 3.1.3 (line
312-317) to explain what boundary conditions are used.
“The concentration gradient between the grain boundary and its centre drives solid
state diffusion of nitrate within the bulk ice. The NOs™ concentration profile within
the snow grain can be found by solving the following partial differential equation
oUu(r) 0%U(r)
ot = kdiff(—arz )
where U(r) is the concentration at distance r from the centre of the snow grain and kg
is the solid-state diffusion coefficient, which is assumed to be homogeneous across
the snow grain. The nitrate concentration at the centre is set to U(0) = 0 and at the
grain boundary U(Res ) = [HNOs(surf)] is defined by surface adsorption and co-
condensation at temperatures below To (Eq. 7) or by solvation into the infinitesimal
DI at temperature above To (Eq. 13).”

2. It appears to me that the treatment of the surface to bulk mass transfer of
HNO3 is even more problematic in “Model 1” where the authors assume that
HNO3 dissolved in the DI is subject to solid-state diffusion into the bulk volume
of ice without thermodynamic limitation. This assumption effectively asserts that
the equilibrium solubility of HNO3 in the entire volume of solid ice is identical to
that in the liquid-like DI. Does any of the earlier studies advocating the role of DI
assume such an equivalence between the DI and the bulk ice? So I still feel that
the present study does not really offer the refutation of the HNO3 uptake onto
the DI as a viable process.

The text has been clarified in Sect 3.1 (line 216-230) about the assumptions
made regarding the DI in this paper.

‘The physical properties of the DI, such as the layer thickness, partitioning
coefficient, diffusivity etc., are still poorly understood. The laboratory



measurements of thickness of DI of pure ice range from a monolayer of water to
around a few hundreds of nm (Bartels-Rausch et al., 2014) depending on the
measuring techniques and temperature. Thur there is no parameterisation
available to estimate the thickness of DI as a function of temperature and/or
concentration within the bulk. Also, no measured 230 values are available for the
air-DI partitioning and the diffusivity of the DI. Therefore, for the DI in Model 1
has the following is assumed: 1) the partitioning between air and the DI is
governed by Henry’s law; 2) the DI is interacting with the bulk ice, which the
nitrate molecules solvated into the DI are allowed to diffused into the bulk ice,
the rate of the transport is limited by the diffusivity of solid ice; 3) the DI has an
infinitesimal thickness and the concentration in the DI is acting as the boundary
condition of the solid-state diffusion into the snow grain (See Sect. 3.1.3).

Note that besides adopting Henry’s law coefficient as the partitioning coefficient
of the DI, the other assumptions made here for the DI is different from the
assumptions made by previous models (e.g. Thomas et al,, 2011; Toyota et al.,
2014) that often assume the DI has a certain arbitrary thickness.’

3. In section 5.1.1, the authors refer to their model results based upon
“Kinetic approach” and “Equilibrium approach” suggested earlier by Bock et al.
(2016). These models are not exactly the same as the standard suite of models,
“Model 1” and “Model 2”, in the present study. Hence the authors are apparently
nudged to the names of the models used in Bock et al. (2016). [ was confused
when [ first read this paper and again when I read the revised manuscript, partly
because the transfer of HNO3 into liquid micro-pockets is treated by equilibrium
in “Model 2”. I would rather like the authors to streamline the naming
convention so that the “Kinetic” and “Equilibrium” models referred to here are
called by numbers. For example, the “Kinetic” model can be a sub-category of
“Model 1”. It is of course still useful to refer to the fact that these models are
based on the “Kinetic” and “Equilibrium” approaches by Bock et al. (2016). Also, I
would have liked it if the authors had introduced and discussed Eq. (19) in
section 3, even though it does not belong to their standard model formulation.
Theses are good suggestions: the equation Eq. (19) after Bock et al. 2016
approach is now moved to Sect. 3 and their approach is referred as the ‘Bock-
BC1’ and the kinetic approach taken in this study is now referred as the ‘Model 1-
BCice’, where BC stand for “boundary condition”.

[Minor comments and technical suggestions]

L70-71, “Murray et al., 2015; 3)”: An apparent typo.

Yes, this has been corrected

L77-78: Please double check if this sentence makes sense.

Yes, this has been corrected, now written as “The bulk concentration of H20> is
determined by solid-state diffusion of H202 while the bulk concentration of
HCHO is determined by linear isotherm adsorption of HCHO on ice.”

L86: dynamicS
Yes, this has been corrected



L177:“a2” -> “two”
Yes, this has been corrected

L178: “one” -> “an”
Yes, this has been corrected

L241: “... growth law described by Flanner and Zander (2006):”
Yes, this has been corrected

L334: below THE freezing POINT
Yes, this has been corrected

L354: “particulate nitrate” -> “total particulate and gaseous nitrate” (?)
Yes, this has been corrected as “atmospheric nitrate”

L.389: well-mixed SO that
Yes, this has been corrected

L425: Cv(RMSE) = 0.73 (Table 4)
Yes, this has been corrected

L508: “inf” -> “in”
Yes, this has been corrected

»

L512-513: “surface, layer leading to” -> “surface layer, leading to
Yes, this has been corrected

L513: “find in a more stable” -> “found in the particulate”
Yes, this has been corrected

L522: information IS AVAILABLE on
Yes, this has been corrected

L525 & L550: “maybe” -> “may be”
Yes, this has been corrected

L581: requireD
Yes, this has been corrected

L599 & L670: “larger” -> “higher”
Yes, this has been corrected

L665: “sensitivity” -> “sensitive”
Yes, this has been corrected

Table 1: Mathematical expressions (second column) for “Interfacial mass
transport to a liquid phase” and “Gas-phase diffusion to the surface of a spherical
droplet” should be inverted.



Yes, this has been corrected



Report #2

The authors have performed an interesting modeling study of an important and
valuable dataset. The technical work is a worthwhile contribution to the
literature; some new approaches are introduced and reasonable agreement with
field data is achieved. However, the results are not currently presented in a
manner that is acceptable for publication. The authors disparage previous work
in the text for requiring tuning parameters and unrealistic assumptions. This is a
fair criticism of nearly all modeling studies in this field, since fundamental
understanding lags significantly behind our needs for process modeling, and
therefore assumptions are required.

The problem is that the authors present their modeling approaches as being
superior to previous work without acknowledging up front the great uncertainty
surrounding several of the "first principals” assumptions made in this study.

To avoid confusion, we now emphasize the models developed here are based on
physical paramaterisations and laboratory data. This paper has been edited
throughout to reflect this.

[t is not my intention to call out these assumptions as erroneous, but rather to
insist that the authors acknowledge them and discuss the uncertainties that they
introduce. For example, in model 1: The range of the DI onset temperature, To, is
based on experimental data, but it should be acknowledged that this is a type of
tuning parameter.

We agree in considering the uncertainties is important, thus, the uncertainties
presented in reported for experimental observations are considered in a
sensitivity analysis in Sect 6.5.

However, threshold temperature To is a parameter with physical meaning.
Therefore, it is not an arbitrary tuning parameter. It is varied within the range of
available experimental data, which might be narrowed in the future. The model
uncertainties due to the uncertainty in the Ty is explored in a sensitivity test
presented in Sect 6.5.

Another assumption must be made regarding the depth/volume of the DI,
although I did not see this discussed in the text. Uptake of HNO3 to the DI is
assumed (as it is in nearly all snowpack modeling studies, for lack of a better
option) to follow Henry's Law for bulk aqueous solutions, where in reality there
is no physical basis for this assumption.

The DI in this study is assumed to have an infinitesimal thickness. Other
assumptions made regard to the DI in this study have now been clarified in Sect.
3.1 (line 216-230)

‘The physical properties of the DI, such as the layer thickness, partitioning
coefficient, diffusivity etc., are still poorly understood. The laboratory
measurements of thickness of DI of pure ice range from a monolayer of water to
around a few hundreds of nm (Bartels-Rausch et al,, 2014) depending on the
measuring techniques and temperature. Thur there is no parameterisation
available to estimate the thickness of DI as a function of temperature and/or



concentration within the bulk. Also, no measured 230 values are available for the
air-DI partitioning and the diffusivity of the DI. Therefore, for the DI in Model 1
has the following is assumed: 1) the partitioning between air and the DI is
governed by Henry’s law; 2) the DI is interacting with the bulk ice, which the
nitrate molecules solvated into the DI are allowed to diffused into the bulk ice,
the rate of the transport is limited by the diffusivity of solid ice; 3) the DI has an
infinitesimal thickness and the concentration in the DI is acting as the boundary
condition of the solid-state diffusion into the snow grain (See Sect. 3.1.3).

Note that besides adopting Henry’s law coefficient as the partitioning coefficient
of the DI, the other assumptions made here for the DI is different from the
assumptions made by previous models (e.g. Thomas et al.,, 2011; Toyota et al.,
2014) that often assume the DI has a certain arbitrary thickness.’

For model 2, eq. 4, which was developed assuming that the liquid solution is
ideal and does not take into account partitioning of nitrate between the gas,
liquid, and solid phases, is applied without discussion.

In Model 2, the partitioning of nitrate between air and ice is included as shown in
the first term of Eq. 17, which reference back to Sect 3.1.1 as the same air-ice
processes were applied.

In Section 3.2, the following lines been edited (line 341-457)

“The term Z[NO37](r) V(r) / Vgrain’ in Eq. 17 is representing the nitrate
concentration in the ice-phase and is applied to all temperatures below the
melting temperature, Tm. At T<Tw, HNO3 can be adsorbed/desorbed and co-
condensed/co-sublimated from the ice surface as was the case in Model 1
when T <T, (Sect. 3.1.1). The adsorbed and co-condensed molecules on the ice
surface then diffuse into or out of the bulk ice depending on the concentration
gradient of nitrate anion as was the case in Model 1 (Sect. 3.1.3). The nitrate in
the snow grain contributed by these processes is referred to

as the ice-phase nitrate.”

and line 351-353

“The liquid in the micropocket is assumed to be ideal and the partitioning
between air and liquid micropocket is described by Henry’s Law (Eq. 5). This
implies instantaneous equilibrium between air and liquid pocket, and is justified
because;...”

In Section 6.4, the following line (722-734) been added
‘Moreover, the liquid in the micropocket is assumed to behave ideally and,
therefore, Henry's coefficient is used to describe the partitioning between air and
the micropocket. In reality, there may be some deviation from ideality as the
concentration of solutes in the micropocket is likely to be too large to be
considered as an ideal dilute solution. The non-ideality should be accounted for
in terms of activity coefficient, y . At equilibrium, the relationship between a
solute B and the solvent can be expressed as follow (Sander, 1999):
K. = VBXB

B P;
where Pg is the vapour pressure of B, v g is the activity coefficient of B and xz is
the mole fraction of B. The value of the activity coefficient approaches unity as
the mole fraction of B approaches zero (v s — 1 as xg — 0) and, under such
ideal-dilute condition, the equilibrium constant, Kz, is defined as Henry's




coefficient. Values of activity coefficient can be found experimentally. The
available parameterisation of activity coefficient of HNO3(aq), H* and NOs- is only
accurate for concentration up to 28 m (Jacobson, 2005). When the molarity is
higher than ~4-5 m, depending on the temperature, the activity coefficient of H+
and NOsz- increases as molarity increase. The concentration of the micropocket is
estimated based on the parameterisation by Cho et al. (2002), which predicts a
concentration a lot larger than the limit of activity coefficient parameterisation
available at present. Hence, it is not possible to quantify the uncertainties caused
by assuming the micropocket has ideal-solution behaviour. If the relationship
between activity coefficient and molarity extend to larger molarity than 28 m,
the activity coefficient would be larger than 1 and hence reduces the value of the
equilibrium constant, Kg, compared to the Henry’s Law coefficient. By means, the
assumption of ideal-solution behaviour of micropocket is likely to overestimate
the concentration of the micropocket. The activity coefficient of highly
concentrated solution is needed to be found by further experimental studies.’

The authors should also take care to acknowledge when aspects of their models
are adopted from or are similar to previous modeling studies, in addition to
highlighting their innovations.

Previous modeling studies had been acknowledge, for example

1. Abstract, line 16 - 18: “It is therefore suggested that in winter air-snow
interactions of nitrate are determined by non-equilibrium surface adsorption
and co-condensation on ice coupled with solid-state diffusion inside the grain,
similar to Bock et al. (2016).”

2. Introduction, line 103-104: “NO3" concentration is defined by non-equilibrium
solvation into the DI based on Henry’s coefficient, which is similar to the
approach taken by other models (e.g. Thomas et al.,, 2011; Toyota et al., 2014).”
3. Sect. 3.1, line 206-208: “In Model 1, the uptake of HNO3 is treated as a two-
step process consisting of interfacial mass trans- port across the air-snow grain
boundary and subsequent diffusion into the bulk, similar approach taken by
Bock et al. (2016).”
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Abstract. Emission of nitrogen oxide (NOx = NO + NO3) from the photolysis of nitrate (NO3')
in snow affect the oxidising capacity of the lower troposphere especially in remote regions, of high
latitudes with little pollution. Current air-snow exchange models are limited by poor understanding
of processes and often require unphysical tuning parameters. Here, two physieal-multi-phase models
were developed from first-prineiples-physically-based parameterisations to describe the interaction
of nitrate between the surface layer of the snowpack and the overlying atmosphere. The first model
is similar to previous approaches and assumes that below a threshold temperature, 7, the air-snow
grain interface is pure ice and above T, a disordered interface (DI) emerges covering the entire
grain surface. The second model assumes that air-ice interactions dominate over all temperatures
below melting of ice and that any liquid is-coneentrated-in-micropockets-present above the eutectic
temperature is concentrated in micropockets. The models are used to predict the nitrate in surface
snow with-available-constrained by year-round observations of mixing ratios of nitric acid in air at
a cold site on the Antarctic Plateau (Dome C, 75°06’S,123°33’E, 3233 m a.s.l.) and at a relatively
warm site on the Antarctic coast (Halley, 75°35’S,26°39'E, 35 m a.s.l). The first model agrees
reasonably well with observations at Dome C (C,(RMSE) = 1.34), but performs poorly at Halley
(Cy(RMSE) = 89.28) while the second model reproduces with good agreement observations at both
sites (Cy (RMSE) = 0.84 at both sites). It is therefore suggested that in winter air-snow interactions
of nitrate are determined by non-equilibrium surface adsorption and co-condensation on ice coupled
with solid-state diffusion inside the grain, similar to|Bock et al.|(2016)). In summer, however, the air-
snow exchange of nitrate is mainly driven by solvation into liquid micropockets following Henry’s

law with contributions to total surface snow NOj3 concentrations of 75% and 80% at Dome C and
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Halley respectively. It is also found that the liquid volume of the snow grain and air-micropocket
partitioning of HNOj3 are sensitive to both the total solute concentration of mineral ions within
the snow and pH of the snow. The second model ean-be-used-provides an alternative method to
predict nitrate concentration in the surface snow layer which is applicable over the entire range of
environmental conditions typical for Antarctica and forms a basis for a future full 1D snowpack

model as well as parameterisations in regional or global atmospheric chemistry models.

1 Introduction

Emissions of nitrogen oxides, NOy = NO + NOg, from snow to the overlying air as a result of
photolysis of the nitrate anion, NO3 ', within snow have been observed in polar
[Beine et all, 2002) and midlatitude regions (Honrath et al 2000). They were found to have a sig-
nificant impact on the oxidising capacity of the atmospheric boundary layer, especially in remote
areas, such as the polar regions, where anthropogenic pollution is small (Grannas et al.| [2007). The

cycling of NO and NOs in the troposphere alters the concentration of tropospheric ozone, O3, par-

titioning of hydroxy radicals, HO,, and organic peroxy radicals, RO. Tropospheric ozone is a
pollutant and a greenhouse gas, and changes in the concentration can impact the regional energy
balance and therefore climate (Fowler et al. [2008). Conversely, HO, radicals are responsible for
removal of many atmospheric pollutants (e.g. [Gligorovski et all 2015), such as the greenhouse gas

methane, and ROy radicals play an important role in the oxidation of volatile organic compounds
(VOCs). Mereover;-the-Furthermore, NO, emission from NOj3 in snow imply post-depositional
HMe%Memﬂewpaelﬁeemphe&edrloss of NOS Whe 1nterpretat10n

S5

(Wolff et al.l 2008 |; France et al, I, 2011).

The exchange of nitric acid, HNOg, between the atmosphere or snow interstitial air (SIA) and

snow grains is complex, and is controlled by chemical and physical processes. The relative contribu-

fion of the-chemieal-photochemical and physical processes has been a matter of debate (Rothlisberge
2000). Isotopic studies (Frey-etal {2009} Erbland-etal 2013 have-shewn-have shown that

photolysis of NOj is the dominating loss process of NO5 in snow (Frey et al} [2009; [Erbland et al 2013).

Based on a typical photolysis rate coefficient of nitrate, JNO; ~ 1x1077 s~ ! (at the surface in Dome
C at a solar zenith angle of 52°, [France-etab204HjFrance et al.,[2011)), the characteristic time for

nitrate photolysis is ~ 107 s. The-Thus, the characteristic time of nitrate photolysis is much larger

compared to other physical processes near the snowpack surface, such as grain surface adsorption
and solid-state diffusion (Table E[) The-At the top few mm of snowpack, hereafter called the skin
layer and the focus region of snowpack in this paper, the physical uptake of nitrate is much quicker

than the ehemieal-photochemical loss due to the availability of nitric acid at the snowpack surface.
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Therefore, it is assumed that the ehemieal-photochemical processes are negligible and consider only
the physical processes. The skin layer is defined as the top 4 mm of the snowpack, which is the depth
of which the surface snow nitrate samples were collected at Dome C (Sect. [&1).

The
and-snew-grain-are-complex-snow grain and the air around it form together a complex multiphase
interface (Bartels-Rausch et al.|[2014). Gaseous HNO3 can be taken up by different reservoirs in

snow, for example the molecule can 1) adsorb on the ice surface; 2) diffuse into the ice crystal and

form solid solution; 3) co-condense to the growing ice or 4) dissolve into the liquid solution located

in grain boundaries, grooves at triple junctions or quadruple points. Thereforethe-airand-snew-grain

Air-snow models have been developed to predict the exchange of trace gases between the snow-
pack and the overlying atmosphere and the greatest challenge faced currently is the model descrip-
tion of the air-snow grain interface. One group of models assume a disordered interface, DI, at the
snow grain surface with liquid-like properties (e.g.[Boxe and Saiz-Lopez, 2008} [Thomas et al., 2011}
[Toyota et al.l 2014; [Murray et al.,2015). The DI is defined as a thin layer on the surface of the snow

grain and is assumed to have the following characteristics; 1) DI reaction and partition rate constants

are similar to those in the aqueous phase, e.g. Henry’s Law coeffieient-coefficients are used to de-

scribe the partitioning between the two phases; 2) DI thickness ranges from <1 to a few hundreds

nm based on observation (Bartels-Rausch et al., 2014) but is often set to an arbitrary value, e.g. 10

nm {Fhomas-etal20H)and-Murray-etal2005—(Thomas et al} 2011} Murray et al.,[2013); and
3) These-models-also-assume-all (Toyota et al 2014) or a fraction (Thomas et al.l 2011; Murray
of the total solutes are located in the DL

Another groups of models assume the interface between snow grain and surrounding air to be
ice (e.g.[Hutterli et al.l 2003 [Bock et all, 2016). The distribution of hydrogen peroxide, H2O2, and

formaldehyde, HCHO, within the snowpack has been estimated using a physical air-snow and firn
transfer model which included a-temperature driven ‘Air-Ice’ uptake and release (Hutterli et al.}[2003}

McConnell et al.,[1998). The air-ice-exehange bulk concentration of Hy O is defined-determined by
solid-state diffusion of HoO4 whereas-the-exchange-in ice while the bulk concentration of HCHO

is i i ton— etermined by linear isotherm adsorption of HCHO
on ice. A physical exchange model has been developed by [Bock et al (2016) to describe the con-

centration of NOj3 in the skin layer at Dome C, East Antarctic Plateau. (2016) proposed

the skin layer snow nitrate concentration at Dome C is determined by thermodynamic equilibrium

ice solubility on the grain surface (based-on—aparameterisationby-[Thibertetal;F998)-followed

by solid-state diffusion during winter. During summer the large increase in NOj3 concentration
in the skin layer snow is mainly frem-attributed to co-condensation of HNO3 and HyO¢akinetie

. However, |Bock et al.| (2016) model implies no loss of




NOj due to sublimation, a process that has been suggested to be important in surface snow dynamie

{Réthlisbergeretal2000)—dynamics (Rothlisberger et al.| [2000).
95 Both types of models require tuning parameters used to fit the model output to a chosen set

of observations. Some of these parameters do have a physical meaning yet the tuned values ma
not, for example the fraction of solute in the DI (Thomas et a1.|, 2011) +-or the ion partitioning

coefficients (Hutterli and Rothlisberger, |1999)-or-. Whereas some may not have a strict physical
meaning, for example the co-condensation parameter(Boeketak; 2016)-related parameters were
100 adjusted in/Bock et al|(2016) model, one of their configurations (configuration 2-BC2) an empirical
relationship between the co-condensation concentration, the partial pressure of nitric acid and water
vapour while in another configuration (configuration 2-BC3) they varied the complementary error
function when calculating the attribute from co-condensation to match the modelpredictions-with
the-field-observations-and-henee-are-of- limited predictive-capacitymodelled results to the observation.
105 Any ‘tuning’ of a model to a specific set of observation may affect the confidence in projection of

the model to other scenarios or conditions.
The aim of this paper is to develop a physical exchange model fromfirst-prineiples-based on

hysical parameterisations and experimental data to describe the exchange of nitrate between the

atmosphere and the skin layer of snow and minimising the number of tuning parametersand-. It

110 is a first step towards a full snowpack model that would include deeper snow and other processes,
such as wind pumping, molecular diffusion, and photochemistry. Two temperature dependent, multi-
phase models, are developed to evaluate two different concepts to describe the interaction of nitrate
between air and snow.

Model 1 is based on the hypothesis of the existence of a DI layer covering the entire snow grain

115 above a threshold temperature, 7T, (Sect. @ Below T, the interface between snow grain and air is
assumed to be ‘Air-Ice’, and the grain-surface-concentration of NO3 at the grain boundary is deter-
mined by non-equilibrium surface adsorption and co-condensation coupled with solid-state diffusion
into the grain. Above T,, the interface is assumed to be ‘Air-DI’ of which the NO3 concentration is
defined by non-equilibrium solvation into the DI folowed-by-solid-state-diffusion—based on Henry’s

120 Law coefficient. This is similar to the approach taken by other models (e.g. [Thomas et all 20T T: [Toyota et al}. 20T4).

same value as that measured in ice; and 3) to be interacting with the bulk.
Model 2 is based on the hypothesis of [Domine et al.| (2013)), that liquid co-exists with ice above

125 eutectic temperature, T,. The liquid forms micropockets and leeate-is located in grooves at grain
boundaries or triple junctions due to limited wettability of ice (Domine et al 2013). Therefore,

at all temperatures below melting the major interface between air and snow grain is assumed to

be pure ice and the concentration of NO3 in ice is defined by non-equilibrium surface adsorption
and co-condensation followed by solid-sate diffusion within the grain. Above T, the partitioning of
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HNOs to the liquid micropockets is described by Henry’s Law (Sect. @) The total concentration

of NOj in the snow grain is the sum of the mass from both locations divided by the total volume of

the snow grian.
Both models are validated with data-colected-at-available observations from two sites in Antarc-

tica that have very different atmospheric composition, temperatures and humidities; The-EastAntaretie
Plateatn-One at Dome C an i

the East Antarctic Plateau and the other at Halley in coastal Antarctica, details described below.

2 Current Understanding of Physical Air-Snow Processes

Below we briefly review the current understanding of physical air-snow processes, which are relevant

fo nitrate. A more comprehensive discussion can be found in the recent review paper (Bartels-Rausch

2014).
2.1 Surface Adsorption at the Air-Ice Interface

The probability of a gas molecule being adsorbed on a clean ice surface can be described by the
dimensionless surface accommodation coefficient, o (Crowley et al.,[2010). The adsorbed molecule
can then be desorbed thermally or it can be dissociated and diffuse into the bulk and form a solid
solution (Abbatt}[1997; [Huthwelker et al.,[2004} [Cox et al.}[2003)). At a low partial pressure of HNO3,

the adsorption of HNOj3 on an ice surface can be expressed as the single-site Langmuir adsorption

(Ullerstam et al.| 2005b) with:

ka =1
HNOg, () +S 28 HNOg3, (ads) (R1)

kdes

where HNOj_ (o) and HNOg (,q5) are the gas-phase and surface adsorbed nitric acid—{S}-is-the-,
and S is the surface site for adsorption. The concentration of surface sitessite, i.e. number of site
available per unit volume of airand-has-a-units-ef—It, is defined as felowsfollow:

Aicc

[S] :(179)Nmaxﬁ (1)

Here, 6 is the fraction of avilable-surface sites being occupied, Ny, is the maximum number of

surface sites with a unit of molecule m;_>

rca» Alice 18 the surface area of ice per unit volume of snowpack
with a unit of m2_m_>

ice “““snowpack?’
3 -3
of My msnowpack'

and V,;, is the volume of air per unit volume of snowpack with a unit
Note that [S] has a units of molecule m~3. The adsorption coefficient, kaqs ,and

desorption coefficient, kqes, in [RT] are defined as

av 1
kads = Z N, @
kads
kges = (3
e Keq
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Note that k,qs has a unit of m® molecule™!s~! while the unit of kges is s~!, T is the average
gas-phase molecular speed and K4 is the equilibrium constant for Langmuir adsorption on ice
with a unit of m® molecule™*. The value of K., for HNOj is inversely correlated with temper-
ature because the scavenging efficiency of HNOj due to adsorption increases as temperature de-

creases. The parameterisations and values for the above variables used in this study are listed in

App. [A] Table [AT] The value of the accommodation coefficient, a. is same as the experimental
(Crowley et al12010). Fig. [All shows the experimental initial uptake coefficients, 5o, by various
studies as a function of temperature. A comparison of different parameterisations of e-and-K.q are

shown in App-AlFiglATland{AZFespeetivelyFig.
2.2 Solid-State Diffusion

A-solid-solution-of-can-beformed-in-iee-due-Due to its solubility and diffusivity, HNO3 can form a
solid solution in ice. The solid-state diffusion in natural snow is-was found to be an important process
for understanding the partitioning of highly soluble gases, including HNO3, between the atmosphere
and snow when-interpreting-the-compeosition—of-environmental-ice—(Bartels-Rausch et al., [2014)).
Thibert et al.|(1998) derived a solid-state diffusion coefficient, kq;s, and a thermodynamic solubility
of HNOj in ice from sets of HNOg3 concentration —diffusion profiles obtained by exposing single ice
crystal to diluted HNOg at different temperatures for a period of days to weeks. However, [Thibert
et al.| (1998) did not present the the—kinetics of HNO3 uptake on ice and hence a characteristic
time for equilibrium between air and ice could not be established. A diffusion-like behaviour has
been observed from flow-tube studies for trace gas uptake onto ice (e.g. |Abbatt, |1997; Huthwelker
et al.l 2004; Cox et al., 2005) suggesting the solid-state diffusion of nitrate molecules can occur

concurrently with surface adsorption (RT), such that
Eaigr
111\1037 (ads) = HNO37(ice) (R2)

where HNOj_ (e, is the nitric acid incorporated into the ice matrix;-oeeurs-with{RIl
2.3 Coexistence of Liquid Solution with Ice

Liquid aqueous solution coexists with ice in the presence of soluble impurities, such as sea salt and
acids. The liquid exist down to the eutectic temperature defined by the composition and solubility
of the impurities in the ice. [Cho et al.|(2002) parameterised the liquid water fraction, ¢p,0(T), as a

function of total ionic concentration of impurities, lon;.,and temperature as follows:

mHZORTf T aq
T) = ™ T 4
¢H20( ) IOOOAH}) Tf _T bulk [ Olltot, (bulk)] ( )

where ¢p1,0(7") has a units of mf’iquid my; (fui d4solia> MH,0 is the molecular weight of water, R is

the ideal gas constant, T’ is the freezing temperature of pure water in K, AH}) is the enthalpy of
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fusion in J mol !, @iilk is the fraction of the total solute in the aqueous phase and [Iongeg, buik] is
the total ionic concentration in the melted sample. There are different hypothesises en-regarding the
location of the liquid solution. Most studies assume the liquid solution forms a thin layer covering
the whole grain surface (e.g. Kuo et al., 2011 while |Domine et al.| (2013) suggested the liquid is
located in grooves at grain boundaries and triple junctions. The arguments of the latter study were
1) the ionic concentration is low in natural snow that only small amount of liquid can be formed;
and 2) the wettability of liquid water on ice is imperfect, preventing the liquid drop from spreading
out across the solid surface. The volume of liquid is small relative to the ice grain and if spread
uniformly across the ice grain the thickness would be less than a-the diameter of the H,O molecule
which is unrealistic.

The partitioning of trace-atmospheric acidic gases between air and the liquid fraction of snow
can be described by Henry’s law using the effective dimensionless Henry’s law coefficient, k%ﬂ,

according to|Sander| (1999)

K
ki = ki —= )
[H(aq)]

where kjf is the dimensionless temperature dependent Henry’s Law coefficient (See App. @, K,
is the acid dissociation constant and [H?;q)] is the concentration of hydrogen ions. Fig. shows
the temperature and pH dependence of k§ff. At a given pHtemperature, k§ff varies

magnitude-between—40°C-and-0>Cincreases by an order of magnitude (Fig. A) between pH 5
and 6.5, the typical range of pH in natural snow (Udisti et al.,|2004). While at a given temperaturepH,

A v ithi i ecreases by 2 orders of magnitude between -40°C
and 0°C (Fig.[A3])f et : Fnatural-surfaces Sy 0disti-etal{2004)B).

3 Modelling Approach

The model-constraints-are-models are constrained by the observed atmospheric concentration of
HNOg, air temperature, skin layer temperature, atmospheric pressure and humidity. The loss or
gain in the atmospheric eoncentration-of-HNO3 due to the mass exchange between air and snow
are included implicitly by constraining the models with the observed atmospheric concentration
of HNOj3. The aim of this paper is to focus on the exchange mechanisms of HNO3 between air
and snow to predict the concentration of nitrate in snow, limited to the skin layer, as a first step
towards a full snowpack model. The following assumptions were made, 1) homogenous physical
properties across the skin layer, such as snow density and specific surface area . SSA. 2) the
concentration of HNO3 in SIA is the same as the overlying atmosphere due to a short gas-phase
diffusion characteristic time scale of ~ 10° s (Table .



For simplicity, the snow grain is assumed to be a radially symmetrical sphere with a-radius, Reg,
which is estimated from the SSA as the follows:

3

Rem = SSA

(6)

where pizepicc 1s the density of ice. In addition, the grain morphology is also assumed to be constant

230 +with time, with the exception of co-condensation Eq. |9 & i.e. snow metamorphism is not taken

into account.
3.1 Model 1 - Surface Adsorption/Solvation & Solid Diffusion

In Model 1, the uptake of HNOj is treated as a two-step process consisting of interfacial mass trans-

port across the air-snow grain boundary and subsequent diffusion into the bulk, a similar approach as

235 taken by Bock et al|(2016). Below a threshold temperature, F;+1,, (an experimental based value
details in Sect.[3.T.T| & Fig. [Th) the coneentration-of nitrate-at the snew-grain-snow grain boundary is

assumed to be ‘Air-Ice’ of which the concentration of the boundary is defined by the combination of
adsorption and co-condensation —Abeve-Ion ice. Above T}, the snow grain boundary eencentration
is assumed to be “Air-DI, of which the concentration of the boundary is defined by solvation gov-

240 erned by Henry’s law into the disordered interface, DI, (See-Details in Sect. & Fig.[Th).
A DI on pure ice has been detected between 238 and 270 K depending on the measurement
technique (Domine et al., 2013|and references therein). The threshold temperature, T, for the work
described here is set to the lower end of the range (238 K)—The-difference-inconeentration-ofnitrate

atvwaan tha o n—bhonn n ntra ac—the NQP hin—the—orain hich-—can-b
DEtW ota pounaary—anaits GIves afSpoOTt—O1r—w grat;,—wW ah—»o

245  characterised by the-, Model uncertainties due to the uncertainties in 7, are evaluated in a sensitiyity
study further below (Sect.[6.3).

The physical properties of the DI, such as the layer thickness, partitioning coefficient, diffusivity
ete,; are still poorly understood. The laboratory measurements of thickness of DI of pure ice range
from a monolayer of water to around a few hundreds of nm (Bartels-Rausch et al, 2014) also depending

250 on the measuring techniques and temperature. Thur there is no physical parameterisation available to
estimate the thickness of DI as a function of temperature and/or concentration within the bulk. There
are no values available for the air-DI partitioning and the diffusivity of the DI neither, therefore, for
the DLin Model 1 has the following is assumed: 1) the partitioning between air and the DL is governed
by Henry’s law; 2) the DL is interacting with the bulk ice, which the solvated nitrate molecules

255 are allowed to diffused into the bulk ice, the rate of the transport is limited by the diffusivity of
solid ice; and 3) the DI has an infinitesimal thickness and the concentration in the DI is acting as
the boundary condition of the solid-state diffusion ef<into the snow grain (See Sect. @) Note
that besides adopting Henry’s law coefficient as the partitioning coefficient between air and DI,
the other assumptions made here for the DI is different from the assumptions made by previous
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models (e.g./Thomas et al., 2011} Toyota et al.,|2014) that often assume the DI has a certain arbitrar

thickness and isolated from the bulk ice.

3.1.1 Ambient-Temperature-<-T < 238 K: Non-Equilibrium Surface Adsorption & Co-

condensation

At a temperature below 741, = 238 K the interface between air and snow grain is assumed to
be pure ice. The concentration of nitrate at the grain boundary, [HNO3 (s.f)], is determined by a

combination of non-equilibrium kinetic adsorption and co-condensation:
[HNO3 (surf)] = [HNOg (ags)] + [HNO3 (cc)] if T <238K @)

where [HNO3 (a46)] is the concentration contributed by the sum of surface adsorption and desorption

Eg-)-and [HNO3 (cc)] is the concentration contributed by co-condensation or co-sublimationtEe-

270 [Ph-

275

280

285

290

. This configuration but without the contribution by co-condensation is referred as ‘Model 1 -

., . . d[HNO3 (nas
BCice’ hereon. The net rate of adsorption can be described as AHNOs aas)] _ k

Substituting kq.s with Eq. (3), the net adsorption rate is expressed as
d[HNO3 (ads)] [HNOS (ads)]
el HN _ T Tolads)]
dt Kags [ 03(3;)] [S] Keq 3

A non-equilibrium kinetic approach is taken instead of saturation or equilibrium adsorption for two
main reasons: Firsthyfirstly, [Ullerstam et al.| (2005b) have shown that for partial pressures of HNO3
lower than 107° Pa the ice surface is not entirely covered with HNOj3 and therefore undersatu-
rated. The annual average atmospheric partial pressure of HNOj3 recorded at Dome C is ~ 1076
Pa (Traversi et al.| 2014) and is ~ 10~7 Pa at Halley (Jones et al., |2008), hence, the ice surface is
unlikely to be saturated with HNOg. Secondly, natural snowpacks are constantly undergoing sub-
limation and condensation of HyO, especially at the skin layer, due to temperature gradient over a
range of timescales from a fraction of seconds to days and seasons (Bartels-Rausch et al., 2014).
Pinzer et al| (2012)) observed up to 60% of the total ice mass redistributed under a constant tem-

perature gradient of 50 Km™!

over a 12 hour period. Field observations (Frey et al., 2013) and
the results from a heat transfer model (Hutterli et al., [2003) at Dome C in summer show absehite
temperature gradients of 71 Km™! across the top 2 cm and 130 Km~! across the top 4 mm of
the snowpack, respectively. At Halley, the modelled summer abselute-temperature gradient in the
top cm of snow is about 41 Km™!. Therefore, the dynamic HyO exchange and redistribution at the
snow grain surface prevent the equilibrium of adsorption from being reached and require a kinetic
approach.

The temperature gradient and relative humidity gradient between the surface of the snowpack and
the skin layer create a gradient in water vapour pressure, which drives condensation or sublimation of

ice, depending on the sign of the gradient. Uptake of HNO3 molecules to growing ice is known as co-




condensation. The surface concentration of NO3 contributed by co-condensation or co-sublimation,

295 [HNOs3 ()], is given by

[HNO3c)] = Xunos, ice — ©)

where Xgno, is the mole fraction of HNO3 condensed along with water vapour (XuNo, = 10-3-2 Pgﬁ%s R
Ullerstam and Abbatt, 2005a)), p;. is the density of ice (in kg m~3), Ny is Avogadro’s constant
(6.022 x 1023 molecule mol~') and At is the model time step. The rate of volume change of snow

300 grain, %, is specified by the growth law by-desertbed—(FlannerandZender;2606)-described by

dV  47R2%, dpy
i iy 10
dt Pice ( dz )x_T (10)

’Z”; is the local water vapour density gradient,

where D, is the diffusivity of water vapour in air and
i.e. between air away from the snow grain and the air near the grain surface. However, to the author’s
305 knowledge there are no observations reported and the calculation of water vapour density at these
microscopic scales is computational costly as it would require 3-D modelling of the metamorphism
of the snow grain. For simplicity, the macroscopic (few mm) water vapour gradient across the skin
layer was used to estimate the rate of volume change of snow grain due to condensation or subli-
mation, i.e. (%) . in Eq.[10|is replaced by (%) o The water vapour density, p,,, can be

310 calculated as follows:

PsatRH
= Lsat T 1
Po = 100R, T b

where Pk, is the saturated vapour pressure (Pa), RH is the relative humidity (%), R, is the gas
constant (Jkg=? K—!) and T is temperature (K). There are no measurements of fine resolution of
vertical snow profile of RH and temperature available, therefore, RH within the snowpack was as-
315 sumed to be 100% and the temperature of the skin layer is estimated using a heat transfer temperature

model based on the heat diffusion equation (Hutterli et al., [2003)):

ar o oT

where 7T is the temperature, ¢ is time, k,, is the thermal conductivity (App.[Al Table[AT)) of snowpack
and z is the depth.

320 3.1.2 AmbientTemperature>T > 238 K: Non-Equilibrium Solvation

Attemperature-above-41-
At temperatures above T, = 238 K the interface between air and snow-grain—surface-the entire
surface of the snow grain is assumed to be a DI. The-Dlis-assumed-to-be-covering the-entire-grain

10
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[HNO?, (surf)] = [HNOg (DI)] if T > 238K (13)

The DI is also assumed to be out of equilibrium with the surrounding air fer-similarreasons—as

Setss as the exchange of water molecules at the surface of the snow grain is expected to
be rapid that the surface is redistributed before equilibrium is reached (Details in Sect. @ The
grain-boundary-eoneentration-concentration of the DI is then defined by the following equation:

d[HNO; (pyy] [HNO3 (pr)]

-1
. . 2 .
The mass-transfer coefficient, k,,, is defined as k,; = (F;Cg + %) , where Dy is the gas-
g

phase diffusivity [1999). Note that in this model the PHs-treated-as-the-boundary-between
the-air-and-bulk—iee—The-concentration of the DI is used as the outermost boundary condition for

solid—state-solid-state diffusion within the grain -therefore;-the DThasno-thiekness(See Sect.[3.1.3)

and the transfer of NOj into the bulk is limited by the concentration gradient across the snow grain
and the diffusivity in ice.

3.1.3 Solid-State Diffusion

The concentration gradient between the grain boundary and its centre drives solid state diffusion of

nitrate within the bulk ice. The

diseussed-above-The-NOj concentration profile within the snow grain can be found by solving the

following partial differential equation

ONOL](1) 0U() _, (2 0INO5](r) | #°NO4](r) 0°U(r) "
ot ot A or o2 _or?_
where [NOsH{r)-is-thelocal-coneentration-in-the-U (r) is the concentration at distance r concentritic

layer—of-the—iee-sphere—from the centre of the snow grain and kgig is the solid-state—diffusion

coefficientforice—The-solid-state diffusion coefficient, which is assumed to be homogeneous across
the snow grain. The nitrate concentration at the centre is set to U (0) = 0 and at the grain boundar

U(R.g) = [HNO , which is defined by surface adsorption and co-condensation at temperatures
below T, (Eq.[7)) or by solvation into the infinitesimal DI at temperature above 7T, (Eq. .

The typical length-scale, <>, a molecule diffuses in a given time, ¢, can be described by the
root-mean square displacement, <z> = \/6tkq;g. The typical length-scale, <r>, is 1.5 and 5.5 um
at Dome C (Sect.[4.T)) and Halley (Sect.[4.2)), respectively, during a model time step of At = 10 min.
(Fig. [A4). To optimise the performance and computational cost of the models +-the snow grain is
divided into N = 85 evenly spread concentric shells (i.e. #=4r =0, nAr withn =1,2,..., N and

AAAAARATAAAARARAAAAAARIR LI
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Beg = NAD),
such that the thickness of the concentric shell is less than the average root-mean square displacement.
The diffusion equation is solved with the Crank-Nicolson scheme [1996) and the bulk

concentration of NOj in the ice grain, [NO; (bulk)], is the sum of the number of NO; molecules in

each layer divided by the volume of the whole grain, expressed as

YINO; (1) V(1) KINO; )(m) V() 06
LV V)

[Nog(bulk)} =

where ¥{+}-is-the-volume-of the+ " ayer-and->_V{+}is-the total[NO; | (n) is the concentration of
nitrate in the n'™ layer that is calculated by linear interpolating values of U(r — 1) and U(r), V(n
is the volume of the n' layer and S"V(n) is the total volume of the grain, Vgpain;and-(r)isthe
concentration-of nitrate-in-the »fayer.

3.2 Model 2 - Non-Equilibrium Kinetic Adsorption & Solid Diffusion and Equilibrium Air -
Liquid Micropocket

Model 2 is based on the hypothesis that the major air-snow grain interface is pure ice at all tem-
peratures below the-melting-melting temperature, T, and that liquid coexists with ice when the
temperature is above the eutectic temperature, T, (Fig.[2). The liquid water is assumed to be located
in grooves at grain boundaries or triple junctions between grains and in the form of micropockets.
This assumption implies that the grain surface area being covered by liquid water is negligible. The

bulk concentration of NO3 in Model 2 is defined as follows:

No- ] W it T<T, -
3 (bulk)] = -
(bulkc) ZINOGJ() V() b0 ke [HNOs ()] if T.<T<T,.

Vgrain

[NOg ]

At-The term ‘w’ in Eq. [[7]is representing the nitrate concentration in the ice-phase
and is applied to all temperatures below the melting temperature, T5,. At T' < T}, HNO3 can be
adsorbed/desorbed and co-condensed/co-sublimated from the surface-as-ice surface as was the case

in Model 1 when T < T, (Sect. [3.I.T). The adsorbed and co-condensed molecules on the grain-ice
surface then diffuse into or out of the bulk ice depending on the concentration gradient of nitrate as

anion as was the case in Model 1 (Sect.[3.1.3). Abeve-#:The nitrate in the snow grain contributed
by these processes is referred to as the ice-phase nitrate,

when 7' > T,.. At T' > T, liquid co-exists with ice, and its—velume-the bulk mass of NO3 is
attributed from NO3 located both within the ice and in the liquid micropocket. The volume of liquid

mteropockets—The-liquid in the micropocket is assumed to be ideal and the partitioning between air

12
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and liquid mi s-micropocket is described by Henry’s Law -with-the-effeetive Henry’s aw
. This implies instantaneous equilibrium between air and liquid micropocket, and is justified

because; 1) the volume of the liquid solution is small {which up to 10~7 —1075% of the total volume
of the ice grain ;—(as discussed below); 2) HNO3 is strongly soluble in water; 3) the characteristic
time of the interfacial mass transport across a liquid surface of a droplet with 70 pm diameter is only
~ 1077 s (Table ; and 4) the diffusien—rate-diffusivity of HNOj is faster in liquid-(liquid-phase

9.78 x 1071 m* s~ at 0°C, diffusion-of-is-9-78-+0—1"intiquid- Yuan-Hui and Gregory, [1974))

than in ice (3.8 x 1071 m? s~1 at 0°Cs-diffusion-ofis-3.8+0—'4in-iee). The characteristic time

of liquid-phase diffusion within a 70 um diameter water droplet is ~ 10° s (Table .

Both the values of pH and 7%, (in Eq. EI) are updated at each model time step with values from

the previous time step. At Dome C, the major anion in melted snow is NO3 (e.g.|Udisti et al., 2004).

Therefore, it is assumed that nitrate and hydrogen ions are the only ions present in the skin layer
snow, i.e. [Ionyeg (buik)] = 2x[NO3] in Eq. El and the eutectic temperature of the-a HoO-HNOg
system of 230.64 K (Beyer et al.}[2002) are-is chosen as the threshold temperature for the existence
of micropockets. In contrast, at Halley snowpack ion chemistry is dominated by NaCl
, contributing ~8570% to the total ion concentration in the 2004-05 Halley data set, due to the

proximity of sea ice and open ocean. Fer-Surface snow at Halley also contains a significant amount of

sulphate ion, SOy, attributed from sea salt sulphate and sulphuric acid, together contributing ~ 20%
of the total ion concentration. However, for simplicity, the only anions included in the calculation of

¢mn,0 at Halley are NO3 and Cl1~, such that [Iongo (pui)] = 2x([C17] + [NO3']) in Eq. Eland the
value of T}, used is that for a HyO-NaCl system of 251.95 K (Akinfiev et al.| [2001).

3.3 Model BC1 by Bock et al. (2016)

Previously Bock et al.| (2016) developed a model for air and ice exchange of nitrate in surface snow.
assuming only air-ice interaction, which is in equilibrium with the surrounding air, They defined
Bock et al.l 2016, Confi
snow grain by the thermodynamic equilibrium solubility parameterisation by [Thibert et al.| (1998):

3532.2 p1/2:3 Pice Ny
T HNOs 5
H-O

the concentration of nitrate ( euration 2 - BC1) in the outermost layer of the

[NOz](n=N) =2.37 x 10~ exp ( (18)
where N _is the number of concentric shells in the snow grain, 7' is the snow temperature (K),
Pyng, is the partial pressure of HNOj3 (Pa) and 1y, is the molar mass of H>O. They concluded
that the concentration of nitrate in surface snow at Dome C during winter is mainly govern by
thermodynamic equilibrium solubility coupled to solid-state diffusion.

The configuration after Bock et al] (2016)., where the concentration of nitrate in snow_grain is

defined by equilibrium solubility at the air-ice interface coupled to solid-state diffusion (referred

as ‘Bock - BC1’ from hereon, of which BC stand for boundary condition) is compared with the
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non-equilibrium adsorption coupled to solid-state diffusion configuration presented in this paper
(‘Model 1 - BCice’, Sect. 3.1.T). Note that the co-condensation was excluded in these model runs
for a direct comparison between the two different approaches. The two configurations are analysed
and discussed in Sect. [6.IIbased on data collection during winter at Dome C and Halley.

4 Model Validation

Model calculations are constrained and validated with existing observation-observations of atmo-

spheric nitrate --and meteorology and with skin layer snow NOj; concentration and-meteorotogieat
data-at-from Dome C and Halley. Below a brief summary of the available data is given.

4.1 Observation at Dome C

Dome C is characterised by the following: 1) temperatures are below freezing-the freezing point
year round, and no snow melt occurs, with an annual mean of —52°Cand-a-, maximum of —17°C in
summer (mid November till end of January) and minimum temperature of —80°C in winter (April to
temperature variation is ~10 K in summer, spring (mid September until mid November) and autumn
(February to March). 2) the air-snow chemistry of reactive nitrogen is relatively simple due to the
remoteness of the site. In particular, concentrations of sea salt and other particles that seavenge-may
scavenge atmospheric HNOj5 in-the-air-are low on the East Antarctica Plateau (Legrand et al.,[2016).
Hence, the main atmospheric nitrate is gaseous HNOj3 that dissolves in and/or adsorbs onto snow
grains (Traversi et al., [2014). 3) Furthermore, a low snow accumulation rate of 27 kg m—2 yr—t
(Rothlisberger et al., 2000) altews-leads to significant post-depositional processing of nitrate driven
by photolysis before the surface snow is buried by new snowfall (e.g. Rothlisberger et al.,[2000; [Frey
et al., [2009).

Observations of skin layer snow nitrate concentration, atmospheric nitrate concentration, temper-

ature, and pressure were carried out previously at Dome C during January 2009 to 2010 atDeme

AAAAAAAAAAAAAAAAA

The skin layer was assumed to be spatially heterogeneous with an uncertainty in thickness of about
20% due to the softness of the uppermost layer and sampling by different people. The nitrate con-
centration in the melted sample was measured by ion chromatography #&)-(Erbland et al.| 2013)).
The concentration of atmospheric nitrate, i.e. the sum of atmospheric particulate nitrate (p—NO3’)
and the concentration of gaseous nitric acid (HNO3), was collected on glass fibre filters by-with a
high volume air sampler (HVAS) as described in|Morin et al.|(2008). Erbland et al.|(2013)) stated that
the concentration of partieulate-atmospheric nitrate shows good agreement with HNO3 gas-phase

concentration measured by denuder tubes at Dome C over the same time period, therefore we equate
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the observed atmospheric nitrate with gaseous HNOj3. The filter was positioned approximately 1
m above the snow surface and changed weekly. The atmospheric boundary layer is assumed to be
well mixed so that the atmospheric nitrate at the snowpack surface would be the same at 1 m. The
characteristic transport time of HNOj3 from the snowpack surface to the skin layer (4 mm) is on the
order of 10° s, which is much shorter than the temporal resolution of the model (10 min, Table [1)).
Therefore, the concentration of in-the-gaseous HNOj3 in the open pore space of the skin layer was
assumed to be the same as in the air above the snow. The ma*ﬂﬁumfoﬁeeﬁfmﬂeﬂﬁi—amweﬁe
concentration of 16
i%waﬁeeerde&dﬂfﬁtgeheﬂﬂmﬂﬂﬁﬂdrmﬁeﬁpemdﬁm s HNO3 was more than 2 orders
of magnitude higher in the summer than in autumn/ early winter (Fig. BIB).

Continuous meteorological observation and snow science are carried out at Dome C under the

‘Routine Meteorological Observations’ of the Concordia Project by the Italian National Antarctic
Research Programme, PNRA, and the French Polar Institute, IPEV (http://www.climantartide.it).
Temperature and humidity were measured at 10 s resolution. Both the temperature and relative hu-
midity were measured at 1.6 m above the snow surface with a platinum resistance thermometer
(VAISALA PT100 DTS12) with a precision of + 0.13 °C at —15°C, and the humidity sensor (HU-
MICAP, VAISALA) had a precision of & 2 %. Based on the assumption of a well mixed boundary
layer, the RH above the snowpack surface was assumed to be the same as that at 1.6 m. Atmospheric
nitrate concentrations and meteorological data used as model input have been linearly interpolated

to 10 minute resolution.
4.2 Observation at Halley

Halley in-eoastal-Antaretiea-is at a similar latitude as Dome C but atsealevel-in coastal Antarc-
tica --as-opposed-to-the-Antaretic-Plateaus-at sea level and with very different geographic features.
Halley is on the Brunt Ice Shelf and is close to the Weddell Sea in three directions. Hence the tem-
perature, relative humidity, and concentration of atmospheric aerosol are much larger at Halley than
Dome C. The average surface temperature in summer days is around —10°C and below —20°C in
the winter. Occasionally, the temperature can rise above 0°C (surface melt is possible) or drop to
—55°C (See Fig. ELQ). The annual mean snow accumulation rate at Halley is mueh480 kgm =2 yr—*
(Wolff et al.l |2008), about one order of magnitude larger than at Dome C -which-has-an-average-of
480-(Weltfet-al}2008);-and therefore limiting post-depositional processes relative to Dome C.
Meteorological and chemical data were collected at Halley under the CHABLIS (Chemistry of the

Antarctic Boundary Layer and the Interface with Snow) campaign at the Clean Air Sector Laboratory

atmospheric concentration of HNOg were carried out at weekly resolution using annular denuders

(URG corporation) mounted 7-8 m above the snow surface with a collection efficiency of 91%
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(Fonesetal{2008)—(Fig. d B). The atmospheric boundary layer is assumed to be well-mixed so
that the nitric acid concentration at the snowpack surface would be the same as at 7-8 m. Surface
snow (the top 10 to 25 mm) was collected on a daily basis and the samples were analysed using ion
chromatography (}€Fig. 4] B). Bulk concentrations of the major anions and cations were measured,
including C17, SO?L_ and NO3 (Wolff et al., [2008). The concentrations were interpolated to the 10
minutes model resolution.

Other meteorological data included 10 minute averages of air temperature by Aspirated PRT, RH
by Humidity probe (Vaisala Corp) and wind speed and direction by Propeller vane. All sensors were
at 1 m above the snow surface(Fig-f)—. All values were linearly interpolated to the model time step

of 10 min.
4.3 Other Model Inputs

There are no available pH measurements of the snowpack, therefore, the pH of the DI in Model 1 and
both Dome C and Halley. There are no measurement-measurements of SSA recorded during 2009-
2010 for skin layer snow. The SSA and effective grain radius in this study are estimated based on
observation-observations at Dome C from 2012 to 2015 by |Picard et al.| (2016)), as shown in Fig.
solid-tine-Ne-, To the author’s knowledge there are no observations of SSA are available for Halley.
Therefore the observations of SSA from Dome C were adjusted taking into account the shorter cold

period, which tends to have a larger SSA (Fig.[A4] dashed line).
4.4 Statistical Analysis

Three-day running means are calculated from all model outputs to better match the time resolution
of the snow observations. The performance of the models is assessed by the coefficient of variation
of RMSE, C,(RMSE), as a goodness of fit. The C,,(RMSE) is defined as

C.(RMSE) — V>, (obs(t) —model(t))2 /n

obs

(19)
where 0bs(t) and model(t) are the observed value and modelled value at time ¢ respectively, n is the
number of observations, and obs is the observation mean.

S Results

5.1 Dome C

The predicted concentration of nitrate in skin layer snow for Model 1 and Model 2 in Dome C (Fig.[3]
and Table2)) are discussed by season - Winter to Spring (April - Mid November) and Summer (Mid

November - January).
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5.1.1 Winter to Spring

The average temperature (£10) at Dome C between late autumn to late spring in 2009 is 213.7
(£7.9) K (Fig. Eaé), which is below the threshold temperature, 471, for detection of DI layer (set
at 238 K, purple shaded area in Fig.[3] A) for Model 1 and below the eutectic temperature, 7, for
a H,O-HNOj3 mixture (230 K, yellow shaded area in Fig, [5] B) for Model 2. Therefore, in winter,
the skin layer concentration of nitrate deseribed—wel-is well described by non-equilibrium kinetic
surface adsorption and co-condensation coupled to solid-state diffusion within the snow grain in
both models. The models combine both processes and agreed-agree very well with the observations
of nitrate (Fig.éM&cB) with a C,(RMSE) = 0.73 (Table[2). Both models captured the small peak
from mid April to early May and another peak from mid to end of August then a steady increase
from middle September till the end-of-Oectoberbeginning of November, except for the peak in late
February.

i i i i i i The results from ‘Bock-BC1’ and ‘Model 1 - BCice’ are
M&L&Fig@ : i i : iibri i i

3532.2\ L1/2.3 Pice Na
HNO3 ]\'IH:ZO

HNO 2= 2.37 x 107 Pexp
[ 3 (surf) I

configurations resulted in a very similar trend and variation until mid Sept. Despite the ‘KinetieModel
1-BCice’ approach yielding a larger GARMSEF-C, (RMSE) = 0.65 compared to the “Beuitibrivm™
ble. E[) the “KinetieModel 1 - BCice’ approach captures the temporal pattern from mid September
till early November ;-yet-the—Equilibriumapproachdeesnotbut not in the ‘Bock-BC1’ approach.

5.1.2 Summer

The average temperature (+10) from late spring to early autumn is 240.0 (+5.0) K (Fig.[3h) and the
dominant process determining the snow nitrate concentration are solvation in-Dl-eoupled-to-into the
DI coupled with solid state diffusion in Model 1 and partitioning of nitrate to the liquid micropockets
in Model 2.

Model 1 captures some trends observed in early spring and during the summer period, including
the decrease in concentration of nitrate from the beginning of February, the rise between mid and late

November, and the sharp increase in mid December (Fig. [5h). It also reproduced the steep decrease
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in concentration at the beginning of 2010 (Fig. Eh) . However, Model 1 (with F5-T;, = 238 K) did
not capture the peak in early February and overestimated the concentration of nitrate by a factor of
1.5-5 in December (Fig.[5|aA).

The results from Model 2 agreed reasonably well with the observation in these few months with
C,(RMSE) of 0.67. With the contribution from the partitioning of HNOj5 in the micropockets, the
features in early February and the peaks between November and mid December were captured (Fig.
|§| bB). The model underestimates the the nitrate concentration from mid December until January
2010 by a factor of 3. During the summer period, the partitioning into the micropockets contributed

~75% ot-to the total NO3™ concentration.
5.2 Halley

Model results for Model 1 and Model 2 in Halley (Fig. [7] and Table. [3) are presented by the season
- Late Autumn to Winter (April - Mid September) and Spring to Early Autumn (Mid September -
February).

5.2.1 Late Autumn to Winter

The mean temperature (+10) during this period at Halley is 244.72(+7.7) K (Fig. @). During this
period, the temperature was mostly above the threshold temperature (F5-1, = 238 K, purple shaded
area in Fig.[7]A) used in Model 1 but below the eutectic temperature for a H,O-NaCl mixture (25+
252 K, yellow shaded area in Fig. [/|B ) used in at Halley in Model 2. Therefore, the main process
controlling the concentration of NO3 in Model 1 is solvation into the DI whereas in Model 2 the
main controlling processes are the combination of non-equilibrium adsorption and co-condensation
coupled with solid-state diffusion. Performance of Model 1 was poor (C,(RMSE) = 27.78), over-
estimating the concentration of NO3 by two orders of magnitude (Fig. agi). However, some of the
trends were reproduced during this cold period such as the two small peaks in mid April and early
May, and the rise in mid September (Fig. |Z|aé).

The modelled results from Model 2 (C,(RMSE) = 1.08) were a much closer match to the obser-
vations compared to Model 1. It captured the first peak in mid April and the small peak in beginning
of September —(Fig.[7]B). However, it did not reproduce the peak in mid August and underestimated
the NO3 concentration for the majority of the time.

The results from “Bock-BC1" and “Model 1 - BCice’ are shown in Fig. Gb. Similar to the Dome
C site, the “Equilibrivm’-approach-afterBock-et-al{2016)-wasrun-alongside-the—Kinetie-approach

a-direet-comparison—The-modelled results from both approaches are very similar in value and tem-

poral variations (Fig-{ep)-—Beth-the-Kinetie-and-Equilibriam-approach-and both the configurations

failed to reproduce the peak in mid August.
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5.2.2 Spring to Early Autumn

Similar to the winter months, Model 1 overestimated the bulk NOj3 concentration at Halley by an
order of magnitude and failed to capture any of the variability (Fig. (7| a)-A) with C,(RMSE) =
89.28. Model 2, however, reproduced some features during the warmer months, such as the peak
in late September followed by a steady rise in October, the spikes in mid December, beginning
of and mid January and also the peak and trough in late January (Fig. [7/|bB). The partitioning to
the micropockets contributed ~80% of the total NO3 concentration during this period. The-modet
results-Results from Model 2 are within the same order of magnitude compared to the observations

(Cy(RMSE) = 0.65, Table. J3).

6 Discussion

The results from both Model 1 and 2 show that the bulk NO3™ concentration in surface snow can be
reasonably well described by non-equilibrium adsorption and co-condensation coupled with solid-
state diffusion during autumn to spring at Dome C and in winter at Halley, i.e. when it is cold and
the solar irradiance is small. In the summer months, the combination of warmer temperatures and
a larger range of diurnal temperature causes the ‘Air-Ice’ only processes to no longer provide an
accurate prediction. The concentration of NO3 in the surface snow, during the warmer months, is
mainly determined by solvation into DI in Model 1 or partitioning into micropockets in Model 2.

Overall, the results from Model 1 match reasonably well with the year-round observations at
Dome C (C,(RMSE) = 1.34). However, for Halley, Model 1 overestimated the concentration by
two order of magnitude (C, (RMSE) = 89.28). On the other hand, results from Model 2 agree well
for both study sites alt-year-round (C, (RMSE) = 0.84 for both Dome C and Halley). The mismatch
between the models and observations can be separated into 2 categories - data limitations and model
configurations, and will be discussed below.

The temporal resolution of the concentration of atmospheric nitrate at both study sites was roughly
5 to 10 days, therefore, any substantial changes in the atmospheric input within a short time scale
might be missed and consequently the relative changes in concentration of nitrate in snow might
not be observed. Secondly, the vertical snow pit profile of NO; at Dome C (and sites with a low
accumulation rate) tended to have a maximum concentration of NO; at the surface of the snowpack
(Rothlisberger et al., 2000), especially during the summer period, and the concentration of NO3
decreases sharply with the depth inf-in the snowpack. The skin layer is the most responsive layer of
snow to the changes in the concentration of HNOj5 in the atmosphere above. The snow samples from
Dome C were collected carefully from the top 4+2 mm while the snow samples from Halley were
collected from the top 25 mm. It is possible that the snow NOj concentrations measured at Halley
may be ‘diluted’ from deeper snow, with a smaller nitrate concentration than the surface -tayerlayer,

leading to a positive model bias.
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Thirdly, atmospheric nitrate can be find-in-a-mere-stable-found in the particulate forms of NOj,

i.e. associated with Na®, Ca?* or Mg?* (Beine et al., 2003). An increase in sea salt aerosol con-
630 centration can shift gaseous HNOj to particle-phase (i.e. NaNO3, Dasgupta et al.}[2007), heneeand
therefore, decreases the ratio of gaseous HNOj3 te-and the total atmospheric nitrate. At Dome C, the

atmospheric sea salt aerosol concentration has-a-strong-seasonal-vartability—The-maximum-sea-salt
aerosol-concentration-tends-to-be-in-the-in late winter or early spring which-ean-be-can be up to a fac-

tor of 4 larger than the annual mean {Eegrand-etal20H6)(~ 5 ngm 3, [Legrand et al.,[2016) due to
635 the large sea ice extend (Jourdain et al.,[2008). Therefore, using the total measured atmospheric ni-
trate as gaseous HNOg for constraining the models might eause-the-mismateh-between-the-modelled
results-and-observations-lead to an overestimate of [NO3] in snow at Dome C, especially around

Novemeber—in early summer. At the coastal site of Halley, there is a strong influence from sea salt

aerosol with corresponding larger concentration of nitrate containing acrosol, especially in spring
640 time that the monthly mean p—NOj mixing ratio is ~ 4.6 pptv (Rankin et al.l 2003} Jones et al., 2011).
Therefore, neglecting the dry deposition of nitrate aerosols might underestimate the concentration
of nitrate in the surface snow in spring time, The concentration of p—NO; (data not show here, see
Jones et al.|
of nitric acid in winter and summer, respectively, but was up to 8.3 times higher in spring during
645 2004-2005 at Halley. This might explain the underestimation of concentration of nitrate in surface

snow in winter and spring at Halley.

Lastly, no detailed information is available on timing and amount of snowfall events for the time

her than the concentration

for more information) is typically 2.6 and 3.0 times hi

periods in question at both study sites. Single snowfall events can increase the nitrate concentration
in surface snow by up to a factor of 4 above the background 2008). The contribution of
650 snow nitrate from fresh precipitation maybe-may be less important at low accumulation sites, such
as Dome C —27-(Réthlisbergeretal}-2000)-compared to sites with large snow accumulation like

Halley~486-(Arthern-etak} 2006). Wolff et al| (2008) reports that the large concentration of NO3
recorded from mid until end of August was due to new snowfall, which explains why both models

failed to reproduce the peak. In the following sections, various processes included in Model 1 and 2

655 will be discussed.
6.1 “Kinetic ‘Model 1-BCice’ Approach vs ‘Equilibrium ‘Bock-BC1’ ApproachThe-‘Kinetie

The ‘Model 1-BCice’ approach defines the snow grain boundary concentration of NO3 by non-
equilibrium, kinetic surface adsorption while the ‘EquitibriumBock-BC1” approach after Bock et al|
defines the concentration of the outermost layer of the snow grain (outermost layer thick-
660 ness = 0:5-15-1.5 pmin-this-study) by thermodynamic equilibrium ice solubility. Both approaches
describe the interaction between air and ice, therefore, only results from the winter period are com-
pared. For both sites, the ‘KinetieModel 1-BCice’ and ’EquilibrivmBock-BC1’ approach resulted
in very similar trends except the peak in late October at Dome C (Fig. [6] Table 2] & [B), of which
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the “KinetieModel 1-BCice’ approach managed to reproduce but not the ‘EquitibrivmBock-BC1’
approach.

The peak of snow nitrate in late October at Dome C corresponds to an increase in atmospheric
HNOj3 (Fig. 3|bB). The grain surface concentration of the ‘EquitibriumBock-BC1” approach is a
function of the partial pressure of HNO3 with an exponent of 1/2.3 (Eq. [I8), while the concentra-
tion of the grain boundary defined by the ‘Kinetie-Approach’-Model 1- BCice’ approach is linearly
related to the concentration of atmospheric nitrate (Eq. [8). Therefore, the “KinetieModel 1- BCice’
approach is more responsive to any changes in the atmospheric nitrate concentration compared to the
‘EquitibriamBock-BC1’ approach. Other advantages of the former approach are, 1) dynamic char-
acteristics of the grain surface due to changing temperature gradients are taken into consideration; 2)
applicability even for sites with high accumulation rates where the skin layer is buried by subsequent
snowfall before reaching equilibrium.

At Halley, in winter, the concentrations of NO3 are underestimated by both approaches (Fig. E]and
Table[3). There are 2 possible explanations. First, the SSA values used maybe-may be underestimated
and lead to an underestimation er-of adsorption or dissolution in the outermost layer of the snow
grain, further field observations are required to verify this. Secondly, due to higher temperatures
at Halley compared to Dome C, other processes might be involved in controlling the snow surface
concentration of NO3, such as snowfall (not included in the models) or partitioning into liquid

micropockets in Model 2 (discussed in Sect. [6.4)).
6.2 Co-Condensation - ‘Air-Ice’ Interaction

The process of co-condensation/sublimation is considered as part of the ‘Air-Ice’ interaction in both
Models 1 and 2. It is driven by the difference in water vapour density across the skin layer snow and
the overlying atmosphere. The water vapour density gradient depends exponentially on the temper-
ature gradient. At Dome C the temperature is extremely low and relatively dry, especially in winter,
and therefore it is not surprising that only 2% of the grain surface concentration of NOj is from co-
condensation during winter and spring (Fig. @a\AN, difference between the light and dark blue line).
In contrast, at Halley, where winter is warmer and it is relatively humid, ~21% of the grain surface
concentration is contributed by co-condensation during winter (Fig. @ bB, difference between the
light and dark blue line). As shown in Table 3| the C, (RMSE) decreased slightly in winter after
including co-condensation as part of the ‘Air-Ice’ interaction. In the summer, the dominant process
in Model 1 is solvation ia-into the DI (See Sect. while in Model 2 the dominant process is parti-
tioning t-into the micropockets (See Sect. @, hence the contribution from co-condensation to the
skin nitrate concentration is insignificant.

There are a few possible sources of uncertainties in the calculation of co-condensation/sublimation
processes. For example, the macro-scale gradients of water vapour pressure (across a few mm)

were used instead of micro-scale gradients (across a few um) and there were no precise mea-
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surements of skin layer snow density. Uncertainty in the density would lead to uncertainty in the
modelled skin layer snow temperature —(Eq. [T2). Despite the potential errors in the calculation of
co-condensation, the large NOj concentrations in the skin layer in the summer are unlikely to be

driven by co-condensation. An unrealistically large average rate of volume change, 2%, of 130 and

) dt )
118 um 3571, equivalent to an average grain volume increases of 170% and 135% per day, would
be required for Dome C and Halley respectively if the large concentration of NO3 in summer was
contributed by co-condensation —(Eq. 0] & [T0). Assuming the RH of-in the open pore space of the
skin layer snow to be 100% and RH of the overlying atmosphere is-to be the same as measured at
1 m above snowpack, a macro-temperature gradient as high as 2.7x102 Km™! would be require

required across the top 4 mm of the snowpack to match the large concentration of bulk NOj in the

summer at Dome C and in an average temperature gradient of 500 K m~! would be required across

the top 10 mm of the snowpack inHalley,—~which-at Halley. Therefore, the required temperature
g@iiware 1- 2 orders of magmtude htgheﬁfhafrebsefvaﬂeﬂﬁlzfeye%a% 2043)-and-the-modeled

6.3 Disordered Interface - Model 1 (Temperature>-T > T, = 238 KK)

In Model 1, the interfacial layer between air and snow grain is described as ‘Air-DI’ when—the
ambient-temperatures-are-above-the-threshold-temperature; - T> T, = 238 K. Therefore, at Dome
C, the ‘Air-DI’ regime applies only during summer months due to the extremely cold temperatures
in winter, whereas, at Halley most of the time the interface is considered as ‘Air-DI’. The model
simulations suggest that an ‘Air-ID’ interface above 238 K (the lower end of the DI detection limit
centration in early December at Dome C and all year round at Halley.

The onset temperature for observation of DI on pure ice varies with different experimental setups,
probing techniques and how the samples were prepared (Bartels-Rausch et al., [2014). (Conde et al.
(2008) also found a small fraction of water molecules beginning to leave the outermost crystalline
layer of the ice and becoming mobile at 100 K below the melting point of that particular mixture
of HyO and impurities and the number of mobile molecules increases with increasing temperature.
When the temperature is targer-higher than 10 K below the melting point, molecules might even
begin to leave the deeper crystalline layer. The existence of DI not only depends on temperature, but
also the speciation and quantity of impurities present within the snow grain (McNeill et al., [2012)).
Different impurities have different impacts on the hydrogen bonding network at the ice surface and
hence have a different impact on the characteristics, such as thickness, of the DI (Bartels-Rausch
et al., 2014). Therefore, the chosen threshold temperature, 457},, might be substantially different
from what would be found in natural snow or it might not be representative enough to be used as the

threshold all year-round (See Sect. @] for the sensitivity analysis regarding to 4v71},).
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Moreover, the partitioning coefficient and-mass-transpert-eoefficient-of the DI were assumed to be
the same as those in the aqueous phase and the diffusivity of the DI to be same as those in ice. These
assumptions might not be realistic and could lead to overestimation of solvation of HNOg ia-the- BT
into the DI or overestimate the diffusion from surface of the grain into the bulk ice. However, the
real values for partition and mass-transpertecoetfictents-diffusivity are difficult to measure with the

current measurement techniques and need to be re-examined in the future.

There are 2-3 possible explanations for why Model 1 provided a reasonable estimation of skin
layer snow NOj concentration at Dome C, but not at Halley. Firstly, the chemical composition
of surface snow at Dome C is relatively simple, dominated by nitrate anion, which would induce
insignificant changes to the hydrogen bonding network at the DI surface compared to a more com-
plicated snow composition (Bartels-Rausch et al., |2014)) suggesting the surface properties of snow
at Dome C are likely to be comparable to pure ice. Secondly, the temperature at Halley occasion-

ally rises above 0 °C potentially causing melting and significant changes in snow grain morphology

at the surface especially. Thirdly, laboratory experiments had shown physical properties, such as
extinction coefficient and refractive index, of the ice surface gradually change from the measured
value of ice to the measured value for water and the the layer of disordered water molecules grows
increasingly thicker as temperature approaches to the melting point (Huthwelker et al.; 2000). As
temperature increases the DI may become more distinct from ice and more isolated from the bulk

and may have less or even no interaction with the bulk.

6.4 Micro-Liquid Pocket - Model 2 (Temperature>Euteetie Temperaturel > T, )

Model 2, which includes non-equilibrium surface adsorption and co-condensation coupled with solid
diffusion within the grain and partitioning in liquid micropockets, successfully reproduces the con-
centration of NO3 of the surface snow without any tuning parameters for both Dome C and Halley
all year round. This is a crucial outcome as it indicates that Model 2 can be used for predicting
the air-snow exchange of nitrate at the surface for a wide range of meteorological and depositional
conditions that typical for the entire Antarctica.

The liquid water fraction is a function of the total ionic concentration (Eq. ). Hence, neglecting
the existence of other ions may lead to underestimation of the micropocket volume. The additional
liquid would increase the dissolution capacity of HNO3 and hence increase the estimated NOj
concentration. As shown in Fig. bﬁ, the estimated bulk NO; concentration followed a similar
trend as the ‘other ions concentration’¢, which is the observed Cl~ concentration). Despite NO3
being the major anion in the surface snow in Dome C, other anions, such as C1~ and SOi_, were also
detected from the same samples (Udisti et al.,2004). Jones et al.| (2008) also measured SO?[ along
with C1~ and NOg from the surface snow samples from Halley. The mismatch between modelled
and observed nitrate concentration in the summer can be explained by assuming nitrate to be the

only impurity at Dome C, or nitrate and sea salt as the only impurities at Halley. Nevertheless, the
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underestimation of the NO; concentration due to underestimating the liquid-water content may be
compensated or even overwhelmed if atmospheric deposition of other acids such as HC1 or HoSO4
increases, which lowers the pH and reduces the solubility of HNOg in the micropocket.

Note that the micropockets only exist above the eutectic temperature. For simplification, the eutec-
tic temperature was based on a system containing HoO and the most abundant solute within surface

snow. However, in reality, the presence of other impurities might have an impact on the eutectic

temperature. Moreover, the liquid in the micropocket is assumed to behave ideally and, therefore,
Henry’s coefficient is used to describe the partitioning between air and the micropocket. In reality,
there may be some deviation from ideality as the concentration of solutes in the micropocket is likely
to be too large to be considered as an ideal dilute solution. The non-ideality should be accounted for
in terms of activity coefficient, 5. At equilibrium, the relationship between a solute 1 and the solvent

Kp=-—F— (20)

where P is the vapour pressure of B, 7y is the activity coefficient of B and zp is the mole fraction
of B, The value of the activity coefficient approaches unity as the mole fraction of I3 approaches
zero (yp = L as 2 2 0) and, under such ideal-dilute condition, the equilibrium constant, K, is
defined as Henry’s law coefficient. Values of activity coefficient can be found experimentally. The
available parameterisation of activity coefficient of HNO3(aq), H* and NOg s only accurate for
concentration up to 28 m ( m, depending

on the temperature, the activity coefficient of H™ and NOj increases as molarity increase. The
concentration of the micropocket is estimated based on the parameterisation b

available at present. Hence, it is not possible to quantify the uncertainties caused by assuming
the micropocket has ideal-solution behaviour. If the relationship between activity coefficient and
molarity extend to molarity larger than 28 m, the activity coefficient will be larger than 1 and
hence reduces the value of the equilibrium constant, /(, compared to the Henry’s Law coefficient.
By means, the assumption of ideal-solution behaviour of micropocket is likely to overestimate the
concentration of the micropocket, The activity coefficient of highly concentrated solution is needed
to be found by further experimental studies.

6.5 Sensitivity Analysis

In order to assess the robustness of the findings presented here they were analysed as a function
of model sensitivities to constraints, parameterisations and measurement uncertainties. Parameters
were varied one at a time by the given range while keeping all others constraints and parameterisation
the same (Table. EI, €ot—Column 1I5). The coefficient of variation, Cy(RMSE), was calculated from
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each sensitivity test (Table. 4)) and compared with the C,,(RMSE) of the ‘Control’, which uses the
observed values and parameterisation listed in Sect.[d] and Table. [AT]

Both Model 1 and 2 are sensitive to the concentration of HNOg in the air and the concentration
of NOj3 in snow. Reducing concentration of HNOj3 in the atmosphere by 20% or increasing the
concentration of NO3™ in snow by 20% improves the performance of both models. This supports the
suggestion that the atmospheric nitrate observed at Dome C only represents the upper limit of nitric
acid and it is likely to lead to an overestimation of the concentration of nitrate in snow (Sect.[6)) while
at Halley, the skin layer snow might well be ‘diluted’ by snow sample from the deeper layer (Sect.
[6).

Both models are sensitive to the value of SSA as a smaller SSA implies a smaller surface area
per unit velumn-volume of snow, and hence, less surface sites available for adsorption per unit
volumna-volume of snow. It has a more notable impact in Model 1 and in the winter, when the grain
boundary processes play an important role for the overall snow nitrate concentration due to the cold
temperature. A similar explanation applies the value of the maximum number of adsorption site,
Nmax. However, varying the accommodation coefficient, a, by & 10% does not have a significant
impact on the performance of the models (Table [).

Model 1 is very sensitivity-sensitive to the threshold temperature, 457,. At Dome C, the best
match (lowest C,(RMSE)) between modelled and observation is with a threshold temperature 2
K larger than the control #5-T;, = 238 K. However, increasing 41}, to 242 K worsens the model
performance further (Fig. [5]A, Green line & Table ). In general, the grain boundary concentration
of nitrate defined by solvation into the DI is much larger than when it is defined by the combination
of surface adsorption and co-condensation on ice. A larger temperature is required to assume the
interface is ‘Air-DI’ when a large value of #-T;, is used. At Dome C, a larger value of 74-T;, may
have reduced the overestimation in late November due to a larger fraction of time falling below the
threshold but compromised the good fit from mid December onward and yield a higher C, (RMSE).
At Halley, despite the improvement in C,,(RMSE) when a higher temperature threshold was used,
the modelled [NOg ] is still an order of magnitude larger than the observation (Fig. bﬁ).

Model 1 is not sensitive to the pH of the DI layer. Even though the effective Henry’s law coefficient
increases by an order of magnitude when pH increases from 5 to 6.5 (Fig. , the C,(RMSE)
remains the same. This behaviour can be explained by the combination of the kinetic approach
and slow diffusion rate of nitrate in ice that the rate of change in the grain boundary concentration
remains small even the boundary concentration increases.

Model 2 is sensitive to the eutectic temperature, T¢, but not as much as for 441, in Model
1. Increasing T, in Model 2, only improves the performance at Dome C but not Halley. Higher
T, implies that a larger temperature is required for the co-existence of liquid micropockets. For

Dome C, increasing T, by 2-4 K reduces the overestimation in November without compromising
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the results from mid December onwards, as the average temperature during that period was higher

than T, = 234K.

7 Conclusions

845 Two surface physical models were developed from first-prineiples-physical parameterisations and
laboratory data to estimate the bulk concentration of NOj3 in the skin layer of snow using-constrained

by observed atmospheric nitrate eoneentrationconcentrations, temperature and humidityas-inputs—.

Model 1 is-based-on-the-assumption-of-a-homogeneous-assumes that below a threshold temperature,
T, the outermost layer of a snow grain is pure ice, whereas above T, the outermost layer is a dis-

850 ordered interface (DI)as the-interface between-air-and-snow-grain-above 238-and-Mode s-base

- The nitrate concentration at the air-ice boundary is defined by non-equilibrium Kinetic adsorption.
and co-condensation whereas the nitrate concentration at the air-DI boundary is defined by non-equilibrium
855  kinetics based on Henry’s Law. An non-equilibrium grain boundary is assumed as the partial pressure
of HNOj3 is low in Antarctica and a large temperature gradient is expected across the snowpack
surface which leads to redistribution of water molecule at the grain surface. The boundary of the
grain is also assumed to be interacting with the bulk that the mass transport is driven by the concentration
difference between the boundary and centre of the grain and constrained by solid-state diffusion.
860 The uncertainties of Model | are 1) the temperature threshold, 7, that defines the onset of ‘air-DI"

interface; 2) the partitioning coefficient of HNOs into the DI; and 3) the interaction between the grain
boundary and the bulk ice. The modelled skin layer concentration of NOg from Model 1 agreed rea-

sonably well with observations at Dome C but overestimated observations by an order of magnitude

e. The unecertainties-inMeodel-1-are-the-temperatare-threshold; 155

at the relatively warmer
set-of and-the-partitton-—ceefficient-of PI—TFhe-poor performance

Halley sit

< definecthe-oncatof—A DI ante

865

suggests that as the temperature increases the disordered interface is becoming more liquid-like and
870 disconnected from the bulk ice.

Model 2 assumes that below melting temperature, Ty, the outermost layer of a snow grain is
pure ice and above eutectic temperature, T, liquid exists in grooves at grain boundaries and triple
Junctions as micropocket, The nitrate concentration at the air-ice boundary is defined by non-equilibrium
kinetic adsorption and co-condensation. The boundary of the grain is also assumed to be interacting

875  with the bulk and the mass transport between the surface and centre of the grain is driven by
solid-state diffusion. The nitrate concentration of the liquid micropocket is defined by Henry’s law.
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Equilibrium between air and liquid in micropockets is assumed because the liquid micropocket
volume is small and HNO3 is very soluble in water implying fast interfacial mass transport. The
main uncertainties in Model 2 are three-fold, 1) dry and wet deposition of atmospheric nitrate are
currently not included in the model, but lead to episodic increases of NO3 in surface snow; 2) the

liguid micropocket is likely not an ideal solution due to high ionic strength; and 3) third the eutectic

temperature of natural snow is assumed to be that of a single major ion - water system but ma
be different because snow ionic composition is complex. However, Model 2 reproduced the skin

layer concentration of NO3 with good agreement at both Dome C and Halley without any tuning

Both Model 1 and 2 suggest that in the winter the interaction of nitrate between the air and
skin layer snow can be described as a combination of non-equilibrium kinetic ice surface adsorp-

tion and co-condensation coupled with solid diffusion within the grain. #a--Only Model 2 provides

a reasonable estimate at both sites year-round, that suggests in the summer, the major interface
between snow grain and surrounding air is still air-ice, but it is the equilibrium solvation into liquid
micropockets that dominates the exchange of nitrate between air and skintayersnow-—snow. Despite
the simplified parameterisation of processes in Model 2, it provided a new parameterisation to
present as micropockets as suggested by[Domine et al.| (2013) instead of an ‘air-DI” interface assumed
by most models developed previously. Moreover, the non-equilibrium boundary between air and
snow grain allows the models to work at sites with high rate of accumulation that the snow layer

might be buried by fresh snowfall before reaching equilibrium.
Additional modelling studies, e.g. including uptake of other chemical species or—aeresets—and

aerosols such as HoSO,4 and nitrate aerosols, backed up by field observations from other loca-
tions with various meteorological conditions as well as laboratory studies on the eutectic point of a
multi-fens-multi-ion - Hy O system, uptake coefficient at a higher temperature, are needed to eenfirm
therepresentativeness-and-improve the performance of Model 2.

the-interactions-between-air-and-snow—The-Moreover, the models presented here are describing the

exchange between air and the skin layer of snowpack as the uptake processes are much quicker than
the photochemical loss, and therefore, can be modelled by ‘physical-only’ processes.

Atmospheric nitrate can reach deeper than the skin layer via wind pumping and temperature gra-
dient, however, the nitric acid concentration in snow interstitial air (SIA) is expected to be small
compared to the overlying atmosphere due to the high uptake of nitrate near the surface of the snow-

pack. A smaller concentration of HNOj3 in SIA implies a smaller uptake in deeper snow, and hence
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the photochemical loss cannot be assumed to be negligible in deeper snow. Therefore, a more com-
915 plex multi-layer model including both physical and chemical processes is required to reproduce the
nitrate concentration in deeper snow and being-to implement in regional and global atmospheric

chemistry medelmodels.
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Symbol Description units

o Accommodation coefficient dimensionless
Ajce Surface area of ice per unit volume of snowpack m? m;iwpack
Cy(RMSE)  Coefficient of variation N/A

DI Disordered Interface N/A

D, Water vapour diffusivity m?s7!

D, Gas-phase diffusivity in snow m?s7!

AHY enthalpy of fusion Jmol™!
[HNO3 (ads)} Nitric acid concentration contributed by surface adsorption ~ molecule m~?
[HNO3 (o0)] Nitric acid concentration contributed by co-condensation moleculem ™3
[HNOj3 pn] Nitric acid concentration in the DI molecule m ™3
HNO; Nitric acid concentration in gas-phase_ moleculem™?
[HNO3 ice)) Nitric acid concentration in solid ice moleculem ™3
[HNOg3(surfy]  Nitric acid concentration on surface of grain moleculem ™3

Hlonspu] . Total ionic concentration in melted snow sample moleculem™?
kads Adsorption coefficient on ice m?® molecule ™t s™1
Kdes Desorption coefficient on ice g7t

Eknce Henry’s Law coefficient dimensionless
kel Effective Henry’s Law coefficient dimensionless
kaiee Diffusien-eeeffieient Diffusivity in ice m?s™!

kw Thermal conductivity of snowpack WmK™!
Ka Acid dissociation constant molecule m ™3
Keq Equilibrium constant for Langmuir adsorption m? molecule™*

i Molecular mass of water kg mol !
Nmaz Maximum number of adsorption sites molecule m ™2
INOZ (] Bulk nitrate concentration molecule m ™3
PH,0 Liquid water fraction dimensionless
o Fraction of the total amount of solute in aqueous phase dimensionless
Ren Effective radius of snow grain derived from SSA data m

B Ideal gas constant Jmol ' K~!
Pice Density of ice kgm ™3

Do Water vapour density kgm™3

[S] Number of available surface sites per unit volume of air molecule m;;
SSA Specific surface area m?kg™!

Te Eutectic temperature K

Ty Reference temperature K

To Threshold temperature in Model 1 K

8. Fraction of surface sites being occupied dimensionless
) Mean molecular speed ms

Vair Volume of air per unit volume of snowpack m3;, m;iwpack
Vgrain Volume of a snow grain m?
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Table 1. Characteristic times associated with gas-phase diffusion, mass transport and uptake of gas into ice

grain
Process Expression Order of magnitude, s
Interfacial mass transport to a liquid surface’ %7‘% 1077
. . . i 3D’ R? _
Gas-phase diffusion to the surface of a spherical droplet* R‘j,f:. q.};)f; 1074
e 2
Molecular diffusion between snowpack and the atmosphere*** £ 10°
Lo . . s i 4R?
Liquid-phase diffusion within a water droplet*” %;ff) 10°
iff(aq
Surface adsorption on ice” — 10°
des
. . . o . i 4R2
Solid-state diffusion within a snow grain®* QRC“ 106
™ Kdige
Photolysis at a snowpack surface®* % > 107

“|Sander| (1999), with an effective radius, Reg = 70 pum, and accommodation coefficient on liquid water,
Qag = 7.5 x 107% exp(2100/ Temp) (Ammann et al.| 2013). “ |Sander| (1999), with an effective molec-
ular diffusivity, D% = D, /74, where the tortuosity, 7, = 2 and molecular diffusivity in free air at 296
K, D.(296K) = 87 Torrcm?s™ " (Tang et al.l [2014). “* [Waddington et al|(1996), with a snow layer
thickness, z = 4 mm. ® Finlayson-Pitts and Jr. (2000), with a diffusion coefficient in liquid water,

Kaitiaq) =1 x 1077 m*s™*

(Yuan-Hui and Gregory, [1974) . ¥ |Crowley et al.| (2010), with an equi-
librium constant for Langmuir adsorption, K., =2 x 107'% m® molecule™ and adsorption coefficient,
kads = 1.7 x 107 m® molecule s~ v* Finlayson-Pitts and Jr.| (2000), with a diffusion coefficient in
ice, kaig = 6 x 10718 m? s~! (Thibert et al.,[1998). v* Finlayson-Pitts and Jr. (2000), with a surface NO3’

photolysis rate coefficient, J, = 107 s~! (Thomas et al.l 2011 ).

Table 2. Summary of model performance at Dome C based on the coefficient of variation of RMSE,
Cv(RMSE)

Model description Short name Whole year Winter-Spring Summer
DOY 30-385 DOY90-318 DOY 319 - 385
Surface Adsorption & Solid Diffusion Kinetie-Approach-Model | -BCice - 0.65 -
Ice Solubility & Solid Diffusion Equitibrivm-Approach-Bock-BC1 - 0.52 -
Surface Adsorption-Co Condensation/DI Solvation
& Solid Diffusion
No threshold (no Solvation) Model 1-none 1.07 0.65 0.88
Fhreshold<-T,= 238 K Model 1-238K 1.34 0.73 1.11
Surface Adsorption-Co Condensation & Solid Dif- Model 2 0.84 0.73 0.67

fusion + micropocket
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Table 3. Summary of model performance at Halley based on the coefficient of variation of RMSE, C, (RMSE)

Model description Short name Whole year Winter Spring -Early At
DOY 87 -406 DOY 90 - 257 DOY 258 - 4
Surface Adsorption & Solid Diffusion Kinetie-Approach-Model 1 -BCice - 1.13 -
Ice Solubility & Solid Diffusion Equilibrivm-Approach-Bock-BC1 - 1.12 -
Surface Adsorption-Co Condensation/DI Solvation
& Solid Diffusion
No threshold (no Solvation) Model 1-none 1.06 1.06 0.95
Fhreshotd<T,= 238 K Model 1-238K 89.28 27.78 87.15
Surface Adsorption-Co Condensation & Solid Dif- Model 2 0.84 1.08 0.65

fusion + micropocket
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Table 4. Sensitivity test for Model 1 and 2 based on the coefficient of variation of RMSE, C, (RMSE), the
metric was used to measure a goodness of fit. Note that column one is not fitted to the observation and the

values are only varying to show the sensitivity of the models against inputs and parameterisation.

Parameter Model 1 H Model 2
Dome C Halley Dome C Halley
2 2 o :
g g g g g = ] g
151 o o =] o & 5] =]
> N 5 > 2] > N 5 > 2]
L 8 g 2 o) oo 2 8 g 2 8 e
o k= g o = = o k= g o k= 8
= E g = 5 = = =i = £ g,
= = @ = = ) B B A z B )
Control 1.34 0.73 1.11 89.28 27.78 87.15 0.84 0.73 0.67 | 0.84 1.08 0.65
[HNO3] —20% | 0.98 0.60 0.81 71.19 22.12 69.5 0.80 0.62 0.64 | 0.77 1.10 0.56
+20% | 1.73 0.90 145 | 107.36  33.43 104.80 || 0.95 0.88 0.76 | 0.92 1.07 0.75
SSA —10% | 1.06 0.63 0.88 | 79.35 24.79 77.46 0.83 0.67 0.67 | 0.84 1.10 0.65
+10% | 1.63 0.84 1.36 | 99.22 30.75 96.86 0.84 0.78 0.67 | 0.83 1.07 0.65
a —-10% | 1.34 0.73 1.11 79.35 24.78 77.46 0.83 0.73 0.67 | 0.83 1.08 0.65
+10% | 1.34 0.73 1.11 79.35 24.80 77.46 0.83 0.73 0.67 | 0.83 1.08 0.65
Nonaz —10% | 1.32 0.67 1.10 | 89.27 27.77 87.15 0.83 0.69 0.67 | 0.84 1.09 0.65

+10% | 1.36 0.80 1.13 | 89.29  27.78 87.15 0.84 0.77 0.67 | 0.84 1.07 0.65
T, Model ) or 2K 3.53 0.91 3.00 | 9045 4254 87.31 0.95 0.92 0.75 | 0.85 1.12 0.65
T. (Model 2) +2K | 0.50 0.64 036 | 6749 2533 65.62 0.73 0.65 0.58 | 0.86 1.07 0.65
+4 K | 0.6] 0.65 047 | 5076  23.86  49.00 0.72 0.65 0.57 | 0.88 1.06  0.67

pH -0.4 1.34 0.73 1.11 | 89.28 27.78 87.15 - - - - - -

+0.4 1.34 0.73 1.11 | 89.28 27.78 87.15 - - - - - -

+0.8 1.34 0.73 1.11 | 89.28 27.78 87.15 - - - - - -
[NOs™] —20% | 1.85 0.98 1.54 | 111.87 34.84 109.2 0.99 0.96 0.79 | 1.09 1.08 0.93
+20% | 1.04 0.61 0.86 | 74.22  23.07 72.45 0.80 0.64 0.64 | 0.74 1.10  0.51
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Figure 1. Schematic of Model 1. a) At temperatures—below—T < 238 K the concentration of NOg at the
surface-boundary of the snow grain is determined by Air-Ice processes, i.e. non-equilibrium adsorption and
co-condensation. b) At temperatures-above T > 238 K the concentration of NOj at the surface-boundary of the

snow grain is determined by Air-DI processes, i.e. non-equilibrium solvation into DI.
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Figure 2. Schematic of Model 2. At at-temperatares-below-meltingT < T}, the concentration of NO3 at the

surface-boundary of the snow grain is determined by Air-Ice processes, i.e. non-equilibrium adsorption and
co-condensation. At temperatures-above-the-eutectic-temperatureT > T, liquid is assumed to co-exist with ice

and the liquid fraction is in the form of micropockets that are located at grain boundaries and triple junctions

(Domine et al 2013).
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Figure 3. Atmospheric and snow observations from Dome

nitrate-NO5 and HNO3 (green, right axis).
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Figure 4. Atmospheric and snow observations at Halley between 27" March 2004 and 9*" February 2005

{Fonesetal2008)from [Jones et al|(2008). (A) Air temperature. (B) NOg in the surface snow —the-(i.e. top
10 £+ 15 mm, nitrate-coneentrations-(orange square, left axis) and gas-phase nitrie-acid-coneentrations-HNOs3

(green, right axis).
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Figure 5. (A) Model 1 output of Dome C skin layer snow concentration of NO; . At temperaturestess-than
T < T, the threshold-temperature,F5;the-interface between air and snow grain is assumed to be ice (‘Air-
Ice’) and the NO3 concentration is determined by a combination of non-equilibrium adsorption on ice and
co-condensation coupled with solid-state diffusion. Abeve%w, the interface between air and snow
grain is assumed to be a DI (‘Air-DI'), i.e. the NO3 concentration is determined by a combination of non-
equilibrium solvation in-into the DI coupled with solid-state diffusion. Note that the y-axis is broken between
2000-3500 ng g~ !. Orange squares: observation—Bark—; Light blue: “Mede-Model 1 —238->with T, > Ty, i.e.
only air-ice interaction; Dark blue: Model 1 with T, set-as—= 238 K; Green: “Mede+—242---Model 1 with T},

5

N\

set-as-= 242 K; : W -

i tonPurple shaded area indicate times when 7' > T, = 238 K; (B) Model 2 output of Dome C skin
layer snow NOj concentration. The major interface between air and snow is assumed to be ice (‘Air-Ice’) at alt
temperatures-below-melting T’ < T),, and the NO; concentration in ice is determined by a combination of non-
equilibrium adsorption and co-condensation coupled with solid-state diffusion. Above euteetie-temperature; 4=
€1 > T, =230 Ky, liquid eo-existed-co-exists with ice in the form of micropocket. The partition between air

and micropocket is determined by Henry’s law. Orange squares: observation; Light blue: “Mede—t—mnone’

Model 1 with F5-set-above-the-melting-temperatureT, > Ty, i.e. air-ice only interaction; Pink: ‘Model 2’ -
air-ice interaction plus micro-liquidpockets; Yellow shaded area indicates times when T > T, = 230 K (T for

HNO3;HQO %&Hl)
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Figure 6. Comparison of the ‘Kinetic’ approach (this work, in dark blue) with the ‘Equilibrium’ approach (sim-

ilar to|Bock et al.|(2016), in green), and the contribution from the co-condensation process (Results from Model

1- none, in light blue) in winter. The ‘Kinetic’ approach describes the air-snow interaction of nitrate as non-

equilibrium kinetic surface adsorption coupled with solid diffusion inside the grain whereas the ‘Equilibrium’

approach describes the interaction as equilibrium solubility coupled with solid diffusion inside the grain. The

‘Model 1-none’ describes the interaction as co-condensation plus non-equilibrium kinetic surface adsorption

coupled with solid diffusion within the grain. (A) Results at Dome C. (B) Results at Halley.
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Figure 7. (A) Model 1 output of Halley skin layer snow concentration of NOj at-Halley. At temperatures
betowT < T, the threshold-temperature,Fo-the-interface between air and snow grain is assumed to be ice

(‘Air-Ice’) and the NO; concentration is determined by a combination of non-equilibrium adsorption on ice
and co-condensation coupled with solid-state diffusion. At temperatare-above£51 > T,, the interface between
air and snow grain is assumed to be a DI (‘“Air-teeAir-DI'), where-i.e. the NO5 concentration is determined
by a combination of non-equilibrium solvation ##-into the DI coupled with solid-state diffusion. Orange seuare
tEeftaxis)—squares: observation; Light bluetkeft-axis)—: “Meode—+—mnone>-Model 1 with F5—set-above-the
melting-temperatareT, > T}y, i.e. air-iee-only air-ice interaction; Black-(Right-axisyDark blue: “Model +-238—
—Medel-1 with T, set-to= 238 K; Purple(Right-axis)Green: “Model +-242-—Moedel-1 with T, set-to= 242
K= Purple shaded area indicate times when 7' > 7, = 238 K; (B) Model 2 output of Hattey-Dome C skin
layer snow NOj concentration. The major interface between air and snow is assumed to be ice (‘Air-Ice’) at alt
temperature-below-melting T’ < Tj,, and the NO3 concentration in ice is determined by a combination of non-
equilibrium adsorption and co-condensation coupled with solid-state diffusion. Above eutectic-temperature; I+
€1 > T, =252 K, liquid ee-existes-co-exists with ice in the form of micropocket. The partition between air
and micropocket is determined by Henry’s law. Orange squares: observation; Light Blueblue: “Mode+—none’
Model 1 with #5-set-above-the-melting-temperature T, > Tjy, i.e. air-ice only interaction; Pink: ‘Model 2’ - air-
ice interaction plus micro-liquidpockets; Grey (Right axis) - measured bulk concentration of other ions, where

other ions refers to the sum of [Na™] and [C1"J-; Yellow shaded area indicates times when 7' > T, = 252 K

(Ze for NaCl-H> O system)
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Initial uptake coefficient for HNO3 to ice surface

0.4
__Temp dependent parameterisation
(Thomas et al.,2011)
0.351 k Oleu, 1998
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Figure A1. Initial uptake coefficient for HNOj3 as a function of temperature obtained from different studies. Fhe

parameterisationused-within-In this study the parameterisation of (") with o after [Hudson et al.[(2002) is
formutated-in-used (Table solid purple line) and is chosen to give the best representation of the dependency

on temperature.
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Figure A2. Langmuir adsorption equilibrium constant, K1inc = Keq X Nmax. The preferred temperature range
for both parameterisation is 214-240 K and within this range the two parameterisations provide a comparable
value. The |Crowley et al.| (2010) parameterisation deviate from the [Burkholder and Wine|(2015) parameterisa-
tion as temperature drop below 214 K due to the exponential temperature term. Here, the parameterisation from

Burkholder and Wine| (2015) was chosen based on the extreme cold temperature found in our validation sites
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Figure A3. The dependence of the effective Henry’s Law coefficient, kyerr, of HNO3 on (A) temperature and
(B) pH
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