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The role of persistent snow covers in winter-time urban air pollution chemistry remains largely un-

B explored. The interaction of chemistry and transport processes are complex and the physicochemical
structure of snow is uncertain. For instance, it is still unclear to what extent uptake and chemistry
occur on ice, a disordered interface layer on the ice, or in brine pockets at grain boundaries. We
use a process-based one-dimensional coupled atmosphere-snow model to gain initial insight into the
interaction of snow with high concentrations of SO, and NO; in polluted winter-time Fairbanks, AK,
USA. Snow can act as a reservoir for both gases, allowing for fluxes into the snow (during polluted
periods) and out of the snow (during cleaner periods). The geometrical distribution of liquid on
ice is varied to approximate the conceptual difference between the disordered ice interface and brine
in localized pockets. The behavior of SO, is more sensitive to these differences, mostly due to its
greater stickiness on ice and solubility in water compared to NO;, which remains mostly in the snow
interstitial air. Liquid phase chemical processing of both compounds is almost insensitive to the
distribution of the liquid phase in the snow and mostly determined by the volume of liquid. Our
study highlights the value of comprehensive process-based modeling to further our understanding of
snow chemistry. Our model platform can serve as a tool to inform and support future research efforts
on improving our understanding of the liquid content of snow, chemical processing on ice surfaces,
and, in general, the influence of snow on atmospheric chemistry.

1 Introduction an active role for the surface radiative budget influencing the

dynamics of the boundary layerZ12. The role of snow as a sink,
reservoir, and chemical reactor that can impact urban air quality
and water pollution during snow-melt, has received much less
attention13+16,

Snow chemistry has mostly been discussed in the context of

Winter-time air pollution is a common phenomenon in many
urban areas. Its negative impacts on human health are well
documented with the most famous example of the Great Smog of
London in December 195213, Despite the long history of urban
air pollution and related mitigation efforts, high concentrations

of air pollutants such as SO, NO,, and particulate matter remain
a serious environmental problem today in many urban areas
during winter.

High pollutant concentrations in winter cities are formed through
a combination of high emissions at the surface, mostly by traffic
and residential heating, stable boundary layers, which trap pol-
lutants near the surface, and cold and low-light air chemistry@'@.
In many cases snow is also present in these cities, where it plays
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polar ice sheets, where trace gas concentrations are low. The
processing of nitrogen and halogen species has received particu-
lar attention and it is now well established that nitric acid and
NO, are taken up in the snow where they undergo chemical
processing to be released as NOy and HONO. Several detailed
modeling studies have investigated this system confirming the
relevance of snow for the recycling of deposited nitrogen and
halogen species#17-19,

In urban areas, pollutant deposition in snow has been discussed
based on snow pollutant levels2921, A more detailed look at the
chemistry of urban snow and its impact on the atmosphere has
shown that nitrogen chemistry can lead to the formation of NOx
and HONO22"24 and the formation of CINO, from reaction of
N,05 with chloride.=25126,

Despite the process-specific insight provided by these studies, a
more comprehensive investigation of the role of snow for the
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loss, release, and chemical processing of urban air pollutants
is currently not available. This deficiency is in part due to a
lack of well-tested parameterizations of air-snow exchange,
which is believed to be a combination of molecular diffusion and
wind-enhanced vertical transport2Z28, Most recent modeling
studies??30 rely on theoretical work by Cunningham and
Waddington®!, who parameterized vertical air movements at the
snow top as a function of wind speed and snow surface geometry.
Only few studies have attempted to approach wind-enhanced
transport in snow experimentally®% and consequently consider-
able uncertainties on the magnitude of fluxes of gases in and out
of snow persist.
The details of chemical and physical interactions of gases with
ice grains in snow is also not well understood. Snow can include
pure ice surfaces, surfaces with a disordered air-ice interface,
and liquid brine, which is believed to be located at snow grain
boundaries. The exact physicochemical interactions in these com-
partments are still under debate, with particular uncertainties on
the nature and behavior of the disordered interface layer1233,
Finally, there is a lack of available tools that allow the quantita-
tive assessment of the coupled chemistry-transport system that
underlies air-snow interactions. Few detailed coupled air-snow
models have been developed22:3034 and applied to individual
studies of halogen and nitrogen chemistry in polar regions.
Here we introduce the ’'Platform for Atmospheric Chemistry
and Vertical Transport in one Dimension with Snow’ (PACT-1D-
Snow), a new coupled atmosphere-snow model platform, that
follows the experience gained in previous model developments,
to better investigate the role of snow on urban air quality. Our
model, for instance, allows for the implementation of different
physicochemical representations of snow, to provide qualitative
and quantitative insights into poorly understood chemical and
physical processes in snow and their interplay with atmospheric
pollutants. We simulate the combined chemistry and transport
processes in snow with the aim to gain initial insight into the
complex interplay between atmospheric trace gases and snow.
In this work we focus on understanding the interaction of snow
with high atmospheric concentrations of NO, and SO, in polluted
urban environments.
We chose NO; and SO, as example compounds because, besides
being some of the most abundant pollutants, both gases are
very volatile but show different interactions with ice and snow.
SO, adsorbs readily on ice and also hydrolyses effectively=2. In
contrast, NO, is less sticky and less prone to hydrolysis=®. In
addition, SO, partitions more effectively to the liquid phase as it
hydrates and then dissociates into ions. This contrast allows us to
to gain insight in how trace gases with different physicochemical
properties behave in snow.
We apply PACT-1D-Snow to the case of Fairbanks, AK, USA,
using observations during the 2022 Alaskan Layered Pollution
and Chemical Analysis (ALPACA) field campaign. Fairbanks
experiences strong pollution events in winter, with SO, and NOyx
mixing ratios exceeding 30 ppb and 200 ppb in shallow surface
layers®, providing an ideal case study for this discussion.
We give a brief overview of the ALPACA experiment and the
observations relevant for our study , followed by a description
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of PACT-1D-Snow (Section [2). The modeled NO, and SO,
distributions as well as their fluxes in and out of the snow will be
discussed with respect to the driving mechanisms, which include,
diffusive and wind-enhanced mixing, adsorption, partitioning
to brine pockets (BPs) or disordered interfaces (DIs) and the

chemistry therein (Section [3).

2  Methods

2.1 The ALPACA experiment

The Alaskan Layered Pollution and Chemical Analysis (ALPACA)
field campaign took place during January and February 2022 in
Fairbanks, AK, USA. Improving our understanding of the physical
and chemical processes in shallow polluted urban surface layers
and the influence of snow were among the central goals. Simp-
son et al.’® provide a detailed overview of ALPACA, including a
description of the various observations used in this study.

By using a process-based and observation-driven model approach,
we want to quantitatively assess the influence of the persistent
snow layer on the atmospheric composition near the surface. We
focus on the period from Jan 25 to Feb 5, 2022, which is in be-
tween two snowfall events. The period is characterized by cold
temperatures, low surface winds, and heavily polluted shallow
surface layers (<50 m height), which persisted for several days.

2.2 A one-dimensional, observation driven, atmosphere-
snow model

log effective 5q
atmosphere
model box
height [mm]
9
cleaner air
I3 — 1
; wind 3
/ enhanced
7 transport

molecular diffusion

Fig. 1 Schematic of the processes included in PACT-1D-Snow for mod-
eling of the ALPACA campaign. Emitted gases and particles experience
mixing and chemical processing in the boundary layer before a fraction
of it is being transported to the snow. Exchange of interstitial air with
the atmosphere can be enhanced by wind, while otherwise being limited
by molecular diffusion. We distinguish between two conceptual perspec-
tives to the multiphase structure of snow: (1) solid ice surface with brine
pockets (BP), (2) disordered ice interface (DI) represented by a liquid
film in the model.

PACT-1DZ was developed for the investigation of vertical trace
gas distributions in Earth’s atmosphere near the surface. Con-
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strained by observed boundary conditions (e.g. meteorology, ac-
tinic fluxes, turbulent diffusivity, emissions), PACT-1D calculates
the temporal evolution of the vertical concentrations profiles of
pollutants relying on chemical kinetics. Comparing the results to
measurements of trace gas distributions allows the identification
and quantification of the underlying chemical and transport pro-
cesses in the atmosphere2738,

The application of a 1D model to a confined urban area like

Fairbanks is a simplification as pollutant sources are not always
distributed homogeneously. However, it has been shown that
atmospheric composition measurements (point-like and along
km long light paths) are represented well by the model if a simple
(advective) exchange with the cleaner background atmosphere is
assumed (see Fig. [1)52,
For this study we expanded PACT-1D to include kinetic multi-
phase chemistry and a snow layer with a continuous transition
from the near-surface atmosphere to the interstitial air in snow.
The extended model (PACT-1D-Snow) enables the adjustment
to different representations of the snow structure and chemistry.
The flexibility in the model setup and in the description of snow
provides a test-bed to better understand air-snow exchange,
the role of ice adsorption, and the significance of chemistry in
brine pockets vs. on disordered ice-air interfaces. The following
subsections describe PACT-1D-Snow in more detail and Figure
shows a summarizing schematic.

2.3 Gas-phase and aerosol chemistry

Investigating processes in snow critically relies on knowledge on
the composition of the atmosphere above the snow, as well as
multi-phase chemical processes above and in the snow. Gas-phase
chemistry in PACT-1D-Snow occurs in the atmosphere as well as
in the interstitial air in snow. PACT-1D-Snow uses the RACM-2
chemical mechanism4? to simulate polluted urban air chemistry.
The gas-phase mechanism is coupled to a kinetic aqueous aerosol
chemistry scheme that includes basic nitrogen and sulfur process-
ing®%4ll  photochemistry is driven by measured photolysis fre-
quencies.

2.4 Air-snow gas exchange

Transport of pollutants towards and away from the snow sur-
face from the atmospheric side is driven by turbulent mixing,
which is commonly assumed to vanish at the surface. However,
as snow is a porous medium, horizontal air movements (wind)
above the surface can penetrate the upper millimeters to centime-
ters of the snow layer®3, The related vertical airflow in and out of
the snow has been parameterized by Cunningham and Wadding-
tonY, based on horizontal wind speed and the geometry of the
snow surface. They are converted to effective turbulent diffusiv-
ity enhancements slightly above and below the top of the snow
layer4?39 introducing a wind dependency of the magnitude of
exchange between the atmosphere and snow interstitial air (see
Fig. [I). Consequently, mixing in the interstitial air in the up-
per millimeters to centimeters can exceed the limit otherwise set
by molecular diffusion. During ALPACA this occurred when wind-
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Fig. 2 (a) Temperature (3 m above ground) from January 25 to February
5, 2022, during the ALPACA experiment; (b) Wind speed measured 3 m
above ground; (c) effective diffusivity at the snow-air interface, separated
into molecular diffusion (dashed line), wind enhancement calcualted from
the wins speed in (b)(solid black line) and the sum of the two components
(red line). Higher wind speeds enhance mixing during clean and less
stable periods. (d) Liquid snow fraction calculated according to the
parameterization of Cho et al.#2(BP/DI, red curve). The yellow curve
shows the liquid snow fraction enhanced by a factor of 10 as used in the
BPx10/DIx10 model runs.

speeds exceeded 1 m/s (Fig. [2k). Periods with higher wind speeds
and enhanced atmosphere-snow exchange were associated with
less polluted conditions, while strong surface inversions with high
pollutant levels were characterized by low wind speeds. In our
model, gases can freely exchange between interstitial air and the
atmosphere. Aerosol particles are assumed to be deposited after
reaching the snow top via turbulent transport, adding their con-
stituents to the snow chemical composition.

In order to accurately represent air-snow gas exchange and its
interaction with chemical processes, the vertical grid spacing de-
creases in both directions from the snow surface (see Fig. .
Moreover, the time step of the sequential solving approach of the
transport and chemistry parts of the differential equation system
(operator splitting) is adapted to the characteristic mixing time
(%; Az: box height, K, ss: effective diffusivity) of the individ-
ual model boxes.

2.5 Physicochemical processes in snow

In our model snow consists of three compartments: interstitial
air (gas-phase), solid ice, and a liquid phase. Snow interstitial
air is in direct contact with the solid and liquid snow surface,
and interacts via the kinetics of liquid phase uptake and adsorp-
tion/desorption of trace gases to the solid ice surface. We im-
plemented the kinetics of adsorption of gas molecules to the ice
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Table 1 Properties of snow

property BP (BPx10) DI (DIx10)
snow density 100 kg m~—>
specific surface area 80 m? kg~!
tortuosity 1.33

liquid volume fraction (250K)  3-107> (3-107%)  3-107> (3-107%)
liquid surface fraction (250 K) 3.107° 1
adsorbing ice surface fraction ~1 0

surface, balanced by a release/desorption process, which ensures
that the equilibrium, if reached, is approximated by the linearized
Langmuir formalism“42.

Details on the presence of a liquid phase in cold snow remain
under debate. Liquid might be present in snow as brine pock-
ets (BPs), whose formation is determined by the melting point
depression of salt components in snow. The liquid phase might,
however, also be explained by the disordered interface (DI) of
ice. The DI refers to the premelting at the air-ice surface. It is the
result of the increasing number of motion-related degrees of free-
dom of hydrogen-bonding network compared to that of interior
crystalline ice. Treating the DI as a liquid film, as in this work,
might represent a rather coarse approximation of reality. The lig-
uid fraction of the snow volume (associated with both BPs and
the DI) is calculated based on temperature and snow ion content
according to the parametrization of Cho et al.#2. Snow geome-
try is based on snow density measurements during ALPACA and
a corresponding specific surface area of freshly fallen snow (see
Tab. [1)44,

The geometrical distribution of the snow liquid fraction can be
adjusted in the model. In this study, we consider four configura-
tions, covering the two extremes of all liquid water in BP vs. ice
covered with a liquid film representing the DI. The behavior of
mixed states, that is snow in which BPs and DIs exist simultane-
ously, is expected to lay between the two end-member cases. We
also investigate the influence of an increase of the total amount
of liquid/brine in snow by a factor of 10. The resulting four cases
are as follows (see also Tab. [I):

* BP case: For the BP case we assume that snow consists
of a combination of a solid ice surface and brine pockets.
The amount of brine is calculated via the parametrization
from“2? for the ALPACA temperatures (Fig. ) and snow
ion concentrations. The liquid snow fraction varies between
3 x 1070 and 2 x 1073, with the smallest values associated
with the lowest temperatures (Fig. [2d). Liquid phase
chemistry occurs in the brine pockets, while at the ice
surface, which is much larger than the surface of the brine
pockets, adsorption/desorption processes dominate.

* BPx10 case: To understand the impact of brine volume we
increased the volume of liquid by a factor of 10 compared
to the BP case (Fig. [2d), reflecting the upper limit reported
by#2 for ocean water. All other parameters as well as
chemistry are identical to the BP case.

4] Journal Name, [year], [vol.], 1

* DI case: In the DI case we assume that the ice is covered
with a DI with a volume equivalent to the brine pockets in
the BP case (Fig. ). The same chemical mechanism is
used, however there is no solid ice surface and, thus, no
adsorption/desorption.

* DIx10 case: Equivalent to the BIx10 case, the DIx10 case is
identical to the DI case, except for an increase of the liquid
volume by a factor of 10.

3 Results and Discussion

3.1 Atmospheric Transport and Chemistry

The performance of PACT-1D-Snow was investigated by compar-
ing field observations of vertical trace gas profiles from long-
path differential optical absorption spectroscopy (LP-DOAS) in-
strument and surface in-situ observations®. Here we show the
LP-DOAS measurements along a 1154 m long light path between
the main instrument, which was located in a parking garage in
downtown Fairbanks at 17 m agl, and a reflector array located on
a roof east of the garage at 11.5 m agl. Measurements on this
path were preformed approximately every 30 min. Data analysis
was performed using the DOAS method“® and literature absorp-
tion cross sections of SO,“Z and NO,48!in the 292 - 312 nm and
345 - 371 nm wavelength range. It is beyond the scope of this
work to provide a full discussion of these efforts. We will focus
on the performance of the model for SO, and NO; in the surface
layer. For the time period discussed here, PACT-1D-Snow agrees
well with observations in the 11.5 - 17m altitude interval. Specif-
ically, it reproduces the variation between a stable surface layer
and high mixing ratios of both species during Jan 26 - Jan 28 and
Jan 30 - Feb 3, 2022, and periods with stronger vertical mixing
and lower mixing ratios on Jan 28, and during the night from Feb
3 to 4, 2022 (Fig[3).

model 11.5-17m model 11.5-17m

® meas. 17-12m

BPx10 BP

o
=]

mixing ratio [ppb]
(SRS
S 3

o

Now A
s & oS

mixing ratio [ppb]
5

o

26-Jan  27-Jan  28-Jan  29-Jan  30-Jan 31-Jan 0l-Feb 02-Feb 03-Feb 04-Feb 05-Feb
2022

Fig. 3 Comparison of observed NO, and SO; mixing ratios at 12 -
17 m above ground with output for two model cases, BP and BPx10.
The results of both model runs overlap indicating negligible effect of the
snow liquid fraction to the enhanced atmospheric concentrations of NO,
and SO, aloft. Typical measurement errors for SO, and NO, are 0.15ppb
and 0.25ppb, respectively.

The excellent performance of PACT-1D-Snow in the surface
layer gives us confidence that the near-surface atmospheric
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mixing as well as trace gas levels are reflected well in the

15

model. While not shown here, this is further supported by - 3 %
PACT-1D-Snow also reproducing observations of vertical profiles T z:
between 11.5 and 200 m altitude in Fairbanks. We can therefore § LN " 2
analyze the impact of pollution events on snow composition by g 1
zooming into the lowest 0.5 m of the atmosphere above the f%:” 10
snow and the top 0.5 m of the snow layer. The atmospheric s
mixing ratios of NO, (Fig. E) and SO, (Fig. ’ right above the %% Jan26 Jan27 Jan28 Jan29 Jan30 Jan31 FebOi Feb02 Feb03 Feb 04202erb05
snow follow the trend already shown in Figure [3| with variations 157503 m— 40
between high mixing ratios (dark shading) and low mixing ratios = %
(light shading). g z:

Z; 1-=-= - - 20

g 15
3.2 The distribution of SO, and NO, in snow interstitial air H ;0

Jan26  Jan27 Jan28 Jan29 Jan30 Jan31 Feb0O1 Feb02 Feb03 Feb04 Feb05
2022

70
60 Fig. 5 SO; mixing ratios simulated by PACT-1D-Snow in the lowest 0.5 m
above the snow and in interstitial air down to 0.5 m depth during from
Jan 25 - Feb 5, 2022. The red dashed line denotes the snow surface at
1 m. The detailed vertical profiles for the times indicated by the vertical
2 lines are shown in Fig.

height above ground [m]
&
mixing ratio [ppbv]

Jan26 Jan27 Jan28 Jan29 Jan30 Jan31 Feb01 Feb02 Feb03 Feb04 FebO05

(Fig. [5). Interstitial SO, also follows atmospheric mixing ratios
. more closely than in the BP case. The different behavior of SO,
and NO; in the snow interstitial air can be largely explained by
their different partitioning onto the ice surface and to the liquid
phase. The ice surface adsorption-desorption distribution coeffi-
2 cient (linear Langmuir coefficient) at 250 K is 2.8 ¢cm for SO, and
10 only 1.2 x 10~* cm for NO,, with a temperature dependence that

height above ground [m]
5
mixing ratio [ppbv]

m . . . .. . . . 7
Jan26 Jan27 Jan28 Jan29 Jan30 Jan31 FebO1 Feb02 Feb03 Feb04 FebO5 is negligible for the conditions considered in this WOI'k. Con-

2022 . N o . .
sequently, most SO, ’sticks’ to ice surfaces, while NO, distributes

Fig. 4 NO, mixing ratios simulated by PACT-1D-Snow in the lowest ~ more homogeneously throughout the snow interstitial air. Even
0.5 m above the snow and in interstitial air down to 0.5 m depth from for the DI cases, SO, is transported slower into the snowpack than
Jan 25 - Feb 5, 2022. The red dashed line denotes the snow surface at  NO,. This is due its higher effective solubility, which will be dis-
1 m. The detailed vertical profiles for the times indicated by the vertical cussed below.

lines are shown in Fig. . .
Our model results show that snow is closely linked to the over-

In the BP case interstitial NO, roughly follows the atmospheric laying polluted urban atmosphere. This is true for ’sticky’ species
mixing ratio at the snow top (Fig. ). NO, is mixed below 0.5 m such as SO, as well as species that interact less efficiently with ice
depth even during calm polluted periods. There is an apparent  ©f liquid in the snow, such as NO,. While previous studies have
tilt in the spatio-temporal distribution of NO, that reflects the shown that NO, can penetrate deeply into the snow %4950, we
transport process and its time scale. At large atmospheric mixing are not aware of previous snow-atmosphere modeling studies of
ratios there is a negative gradient in the mixing ratio of NO, in SO;.
the snow interstitial air (more on the top of the snow than fur-
ther in the snow). During the cleaner mixing events this gradient 3.3 Trace gas fluxes in and out of the snowpack

reverses and there is less NO, at the snow surface than below.  To further investigate the role of snow we look at the modeled
Assuming a DI instead of BPs does not introduce significant dif- gas fluxes in and out of the snow. Figure [f] shows the instanta-
ferences to this picture. neous flux density through the top of the snow layer (positive is
The behavior of SO, is different from that of NO, in that SO, the flux from snow to the atmosphere) and the cumulative net
mixing ratios in interstitial air are generally lower and do not fol- flux starting from the beginning of the modeled period. Chem-

low the atmospheric SO, mixing ratios as closely. SO, is also not  jcal conversion rates, plotted in dashed lines, will be discussed
mixed as deeply into the snow, only reaching depths of around below. The cumulative net NO, flux can become negative if the
0.2 m after several days (Fig. [5). Mixing ratio gradients are flux of NO, out of the snow becomes larger than the flux into the
generally negative and much steeper. Positive gradients during  snow for an extended period. This happens, for example, due to
clean periods are only present right at the snow top. In the DI the flux of ozone and NO into the snow followed by the chemical
case SO, penetrates further into the snow than in the BP case  formation of NO, in interstitial air. When the newly formed NO,
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Fig. 6 Comparison of fluxes through the atmosphere-snow interface (solid lines) and vertically integrated chemical loss rates (dashed lines) in the snow
for NO, (a) and SO; (b) and all four model runs. Positive values represent fluxes out of the snow and negative fluxes are into the snow. Chemical
loss rates are shown as negative values for better comparison with the fluxes.

leaves the snow it can increase the positive flux beyond the down-
ward flux (e.g. at the beginning of the period). This shows that
the fluxes as well as the cumulative value needs to be interpreted
with care due to the chemistry in the snow-pack.

In the BP model run there is a clear net flux into the snow for
high atmospheric NO, mixing ratios, while the flux is out of the
snow whenever atmospheric mixing ratios are low. When increas-
ing the snow liquid fraction by a factor of 10 (BPx10) we see a
similar temporal behavior than in the BP case, but the fluxes are
generally more negative, i.e. the flux into the snow outweighs
the flux out of the snow. This is also reflected in the cumulative
net flux of NO, (Fig. [6), which shows that there is considerably
more deposition in snow. This suggests that liquid-phase chem-
istry drives deposition, as will be discussed below in more detail.
SO, fluxes in the BP case can also be both negative and positive.
As in the case of NO,, SO, comes out of the snow during clean pe-
riods. However, SO, shows much more pronounced peaks in the
SO, outward fluxes during the polluted-clean transition and near
zero fluxes later during a clean air event. This is largely because
SO, is located predominantly at the top of the snow layer, which is
influenced by surface winds and, thus, mixes effectively with the
atmosphere. It should be noted here that high atmospheric mix-
ing ratios are often associated with low surface wind speeds and
thus slow and inefficient mixing between atmosphere and snow,
while wind speeds are enhanced during clean periods. A few cen-
timeters inside the snow, where molecular diffusion dominates
transport, the release of adsorbed and dissolved SO, is limited
by molecular diffusion, which only leads to marginal decreases of
interstitial SO, during clean events in the BP case (see Fig. .
When parameterizing uptake to the ice surface by partitioning to
the liquid film in the DI cases, less SO, accumulates in the snow.
Moreover, fluxes are far less variable and the smaller total amount

6] Journal Name, [year], [vol.], 1

of SO, present in the snow is able to leave the snow quickly dur-
ing clean periods.

Compared to the urban emission sources, responsible for the high
amounts of SO, and NO,, the fluxes in and out of the snowpack
are typically on the order of 1%. However, for the BP cases, peak
SO, fluxes at the break down of the surface inversion (transition
between polluted and clean atmospheric conditions) can reach up
to 10% of the typical urban emissions close to the surface.

3.4 Budgets and the role of the different snow compart-
ments

Our model includes representation of three different compart-
ments for trace compounds: gas phase, liquid phase, and the
ice surface. Each of the compartments allows for different
physical and chemical processes to occur. It is thus instructive
to investigate how SO, and NO,, are distributed among these
compartments and how this impacts the role snow plays as a
reservoir for pollutants. It should be noted here that we do not
explicitly treat the SO, hydrolysis when adsorbed on solid ice
but assume that it keeps its molecular structure. The effective
adsorption coefficient includes hydration at the ice surface.
In the liquid phase we account for the explicit ionization of
dissolved SO,. As this is a reversible process, we will regard
S(IV)=S0; -H,0 + HSO3 + SO%‘ as the effectively dissolved
amount of SO,. In the case of NO,, which does not ionize, the
liquid phase species is dissolved NO,.

Figure [7] combines the vertical profiles of SO, and NO, in the
different snow compartments for the four snow implementations.
We distinguish a case with a polluted surface layer and a clean
case, to illustrate how the overlying atmosphere impacts the
vertical distribution of the two pollutants in the snow.

For the BP case, with only small amounts of liquid water, ice
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Fig. 7 Concentration of SO, and NO; in the different phases (gas, dissolved in liquid, adsorbed at ice surface) at the snow-atmosphere interface (at
1 m height) for a polluted shallow surface layer scenario and a cleaner unstable scenario (vertical lines in Fig. E|and indicate the times of the shown

profiles)

adsorption dominates for SO,, at all depth in the snow, while
most of NO; is in the gas-phase in interstitial air. In both cases
the liquid phase is the least prominent compartment. Increasing
the liquid water content in the BPx10 case increases the amount
of dissolved molecules the liquid phase almost linearly. This
introduces a small reduction in the other two compartments.

As already observed in Fig. |5 the vertical profiles of the sulfur
species show a steep decrease with depth, which is associated
with fast adsorption of SO, onto the ice surface and partitioning
into the liquid phase during downward transport. After the
transition to a cleaner atmosphere, in the BP case, gradients of
sulfur in all compartments become negative in the top 5 cm,
in agreement with the modeled positive fluxes out of the snow.
While adsorbed SO, remains in equilibrium with the gas phase,
the dissolved S(IV) reacts slower to changes in the SO, concen-
tration in the interstitial air. This becomes more clear in the
BPx10 case with increased snow liquid fraction. Sulfur profiles
below 5 cm change little, mostly because transport from deeper

depths to the top of the snow is limited by molecular diffusion
and adsorption and thus much slower.

In the BP cases, almost all the SO, that enters the snow is
adsorbed at the ice surfaces (more than two orders of magnitude
more than in other compartments). This means for instance
that, in order to balance an atmospheric concentration change
in the snow interstitial air at the snow top about 100 times the
number of SO, molecules need to enter/leave the snow. This
effect explains the considerably higher SO, fluxes into and out of
the snow in the BP case as compared to the DI cases, where no
adsorption is assumed.

Because NO; is much less soluble and sticky, it distributes more
homogeneously in the snow volume. NO, remains predominantly
in the gas-phase and, thus, is more effectively transported down-
ward in the snow. Clean periods again induce a negative but less
steep concentration gradients reflecting the flux of NO; in the
interstitial air out of the snow. The amount and distribution of
the snow liquid phase only marginally affects the profiles of NO,.
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3.5 The role of chemistry in BPs and DI

To further disentangle the fate of NO, and SO, molecules which
have entered the snow, we analyze the amount of chemical pro-
cessing of both species in the BPs and the DI. In our model, we
describe the chemical processing in both the BPs and the DI cases
with the same aqueous phase chemical mechanism. It should be
reiterated that the differences are predominantly due to the way
the hypothetical liquid is distributed on the snow/ice surface.
That is to say, the DI cases expose a much larger liquid surface
area to the interstitial air than the BP cases in an approach to
mimic/reproduce the conceptually different physical representa-
tions of snow.

We will not discuss the details of the precise chemistry here and
just focus on the analysis of the total rate of irreversible S(IV) and
NO, chemical processing, integrated over the entire snowpack.
While we expect distinct depth dependence of the chemistry, the
choice of integrating the rates over entire snow depth allows a
better comparison to the net deposition fluxes. For a detailed dis-
cussion of the chemical processes occurring in the snow we refer
to forthcoming publications.

Figure [6] shows the chemical loss rates integrated over the snow-
pack (dashed lines) alongside with the above discussed trace gas
fluxes into and out of the snow. Moreover the cumulative chemi-
cal loss is calculated. For both NO, and SO,, we find that chem-
ical processing is much more dependent on the volume of BPs
and the DI (i.e. the assumed liquid fraction of the snow) than on
the exposed liquid surface area. For both gases chemical loss is
enhanced in the DI cases, however, by an amount that is small
considering the increase in surface to volume ratio by more than
3 orders of magnitude. The small sensitivity to the liquid sur-
face to volume ratio indicates that interstitial gas and snow liquid
phase equilibrate quickly in the BP case. That is to say that in
both the BP and DI cases, the mass transfer aspects of the up-
take do not significantly limit liquid phase chemical processing.
Chemical loss increases significantly when increasing the total BP
and DI volume. The apparent non-linearity in this relation (the
loss rates do not strictly increase by the factor of 10 by which the
liquid fraction increases) is mostly due to changing influences of
aerosol deposition and the vertical inhomogeneity, which we will
not further discuss here.

A comparison of total snow chemical loss of NO, and the flux into
the snow from the atmosphere reveals that in all model cases ir-
reversible chemical conversion in BPs and DIs drives the flux of
NO, into the snowpack. Chemical conversion tends to be always
slightly higher than the inward fluxes. This is due to the chemical
conversion or outward flux of NO,, which was formed in the snow
interstitial air, mostly from ozone and NO. Because ozone has very
low concentrations under polluted conditions this effect is most
prominent during clean periods. Consequently, when assuming
low liquid fractions in the BP and DI model runs, the cumulative
net flux of NO, into the snow almost vanishes throughout the
modeled period.

SO, fluxes into the snow are always larger than chemical conver-
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sion rates in the BPs and the DI. In the DI cases, where no ice
adsorption is assumed, chemical loss clearly drives the SO, flux
into the snow. While chemical processing in the BP cases is simi-
lar to that in the DI, it is superimposed by much higher trace gas
fluxes driven by the interplay of the large reservoir of adsorbed
SO, with atmospheric variation.

Overall we can conclude that chemical processing in BPs or the
DI are responsible for driving the longer-term net flux/deposition
of NO, and SO, into the snow. At the beginning of the modeled
period, the dominant reaction for the NO, and SO, loss is the
reaction of S(IV) species with two NO, molecules in the liquid
phase®2, As chemical processing and aerosol deposition gradu-
ally acidifies the snow pH independent processes, such as NO,
hydrolysis®Y, and sulfate production from the photolytically pro-
duced hydrogen peroxide®2 take over. Forthcoming comparison
with snow composition measurements might reveal chemical con-
version pathways, which are specific to the heavily polluted envi-
ronments studied here and not yet accounted for by the present
liquid phase chemical mechanism (e.g. the influence of Fenton-
type reactions in polluted snow). These might further enhance
the net chemical conversion rates.

As expected from the above discussed transport processes, chem-
ical processing is much weaker during clean periods, as pollutant
concentrations in the interstitial air adapt to atmospheric concen-
trations within hours. This also leads to a depletion of dissolved
NO; and SO, in snow (with the exception of SO, in the BP case).
The driving chemical processes in snow considered in our model
are not sensitive to differences in the geometrical distribution
of the pseudo-liquid phase in the BP and DI cases.
processing rates are mostly controlled by the liquid fraction of
the snow and can be influenced by snow composition changes
through aerosol deposition. This indicates a highly complex sys-
tem behind deposition processes of gaseous pollutants in snow in
these polluted environments.

Chemical

Conclusions

Many urban areas experience a persistent snow cover in winter.
The impact of surface snow on urban air quality is currently
poorly understood. To provide initial quantitative insight into
this question we focus on understanding how two of the most
important wintertime pollutants, SO, and NO,, interact with
snow. We simulated a pollution episode in Fairbanks, AK,
USA, with a new one-dimensional coupled atmosphere-snow
model. PACT-1D-Snow shows that SO, and NO, are efficiently
transported into the snow through a combination of molecular
diffusion and wind-induced enhancements of vertical transport
at the snow top. The same processes can also lead to transport of
pollutants out of the snow during times when the atmospheric
concentrations fall below those in snow interstitial air. This
reservoir behavior of snow depends on the trace gas solubility
and stickiness to ice surfaces and is thus different for SO, and
NO;.

For SO,, the reservoir behavior of snow is sensitive to the
distribution of the liquid phase in the snow. When assuming that
the snow surface is mostly solid ice with brine pockets at grain
boundaries, reversible adsorption at the ice surface leads to high
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concentrations of SO, close to the top of the snow layer. This
causes fast and pronounced responses to concentration changes
in the atmosphere. In the case of NO,, which tends to adsorb
less on ice surfaces and is less soluble than SO,, the dominant
compartment is the snow interstitial air. This means that NO, is
distributed more homogeneously throughout the snow volume
and outward fluxes become limited by molecular diffusion once
the interstitial air at the snow top, where mixing is influenced by
wind, has adapted to atmospheric concentrations.

When the amount of water in the brine pockets or disordered
interface is increased, chemical processing becomes more impor-
tant. While the bidirectional fluxes still occur, the downward flux
- enhanced by the chemical loss — now dominates. Long-term net
fluxes of NO, and SO, into the snow are driven by irreversible
chemical conversion in the BPs or DIs (treated as a liquid in the
model). The chemical processing of SO, and NO, in the liquid
compartments is not very sensitive to the geometrical distribution
of the assumed liquid phase on the snow surface. That is to
say, chemical loss — eventually driving deposition — is mainly
controlled by the amount of liquid in snow.

Our results highlight how the complex nature of snow can impact
the behavior of NO, and SO; in a snowy atmosphere. Despite
using a simplified physicochemical representation of snow, our
approach allows basic quantitative insights into the interplay
between snow and polluted air masses. Our model identified
the total amount of liquid in snow as the main factor driving
deposition. The geometrical distribution of liquid in snow, on the
other hand, had only a minor impact.

Fundamental physicochemical processes in snow remain un-
certain and more work is needed to better quantify the liquid
fraction of snow under different environmental conditions and
to understand the chemical processing of adsorbed and dissolved
pollutants. PACT-1D-Snow provides a platform to test field and
laboratory observations against current theories. Comparison of
snow composition measurements to PACT-1D-Snow simulations
can provide further constraints on the snow structure and snow
and help design and interpret future experiments. This study
highlights the complexity of the interplay of gaseous pollutant
with snow. It demonstrates how process-based modeling can
help to improve our conceptual and quantitative understanding
of the influence of snow on atmospheri and eventually guide
the development of parametrizations for regional or global air
quality models.
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