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Fig. 17.The effect of a different chemical composition of the ice matrix on the photochemistry of mercury during 30 min irradiation with
UVA at 258 K (sectors A−C). Also, blank experiments in the dark are shown for comparison (sector D). The solution to freeze the ice films
was always doped with Hg(II) (6×108 M) and additionally contained the following compounds as indicated: “no OC” denotes experiments
of pure HgO solutions; “BPh” of 6×107 M benzophenone in unbuffered solutions at pH 7 (of the molten ice film); “BPh/pH 9” and
“Ph/pH4” NaOH and H2SO4 added to 6×107 M benzophenone to reach a pH of 9 or of 4, respectively; “Ph/Br−” 6 ×107 M benzophenone
and 5×108 M bromide; “BPh/Cl−” 7 ×108 M chloride, “BPh/sea” 0.5 M chloride, 1 mM bromide; “BPh/air” 6×107 M benzophenone in
the ice, 20 % oxygen present in the carrier gas stream; “BPh/Ph” 5×107 M benzophenone and 6×108 M 2,6-dimethoxyphenol. In each
box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the most extreme data
points. Reprinted with permission fromBartels-Rausch et al.(2011). Copyright (2011) Elsevier.

Fig. 18. Formation of phenol from in situ photolysis of H2O2 in
the presence of benzene in liquid solution and different ice samples.
Phenol concentration is plotted as a function of irradiation time for
samples containing 1 mM benzene and 0.9 mM H2O2. The solid
traces are linear fits to the data, and error bars represent one standard
deviation about the mean for at least three trials. Reprinted from
Kahan et al.(2010b). Copyright by the authors.

5.5 Physical environments

Besides the local differences in concentration and chemical
environment, the location where reactions occur will affect
the fate of the reaction products, its distribution, and ap-
parent rates. The previous considerations were used to de-
scribe the approximately 50 % reduced photoreactivity of
H2O2 in flash-frozen samples compared to aqueous solu-
tions or slowly frozen samples (Beine and Anastasio, 2011).

Dubowski et al.(2001) determined that NO2 produced from
NO−

3 in the uppermost region of the spray-frozen ice sam-
ples was able to escape to the gas phase, while that produced
at greater depths was photolysed to NO. Subsequent studies
also concluded that the detection of NO−

2 is only possible
after the initial photo fragments (i.e. NO−2 and O) escape
the ice cage surrounding them (Chu and Anastasio, 2003,
2007; Anastasio et al., 2007). Kahan et al.(2010a, c) ob-
served similar apparent rates for unimolecular and bimolec-
ular reactions occurring in large ice cubes and in aqueous
solution. However, the apparent reaction rates in ice gran-
ules with larger surface-to-volume ratios (formed by crush-
ing the ice cubes) were the same as those measured in situ at
ice surfaces (Kahan et al., 2010a, c) (Fig. 18). In ice cubes,
reagents are located primarily in the bulk ice, and bulk kinet-
ics govern the reactions monitored after thawing the samples.
Instead, high surface area samples showed that surface pro-
cesses dominate offline measurements, implying that more
reagent was located at the surface (Kahan et al., 2010a, c).
Similar observations were made for species doped to arti-
ficial snow from the gas phase and by freezing from solu-
tion (Ružǐcka et al., 2005; Kurková et al., 2011)s . The high
surface-area-to-volume ratio of artificial snow maximises the
distribution of reagents at the surface, regardless of the sam-
ple preparation method.

From an atmospheric perspective, reactions at the ice-
surface–air interface are important because products are
readily available to escape the ice phase. Many studies in-
dicate that the chemistry on the ice surface is distinctly dif-
ferent from that observed in ice, in bulk water, and also on
water surfaces. Scientists often use indirect methods to study
reactions at ice surfaces, for example by probing the gas
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phase above an ice sample. We refer the reader toHuthwelker
et al.(2006) for a detailed discussion on experimental meth-
ods. In those experiments probing surface reactions is usually
achieved by using ice samples with a high surface-to-volume
ratio (e. g.Abbatt et al., 1992; McNeill et al., 2007; Bartels-
Rausch et al., 2010; Kurková et al., 2011). However, these
studies give no direct evidence for the surface reactions, as
discussed inBartels-Rausch et al.(2011). Monitoring reac-
tions at the ice surface requires in situ analysis, which has
been done in a limited number of spectroscopic experiments
in the IR (e.g.Hellebust et al., 2007) and UV/VIS (e.g.Ka-
han et al., 2007). The advantage of the UV/VIS spectroscopy
approach is that it can be operated at temperatures typical for
environmental snowpacks.

A number of recent studies show that gas–ice-surface reac-
tions at temperatures approaching the melting point are best
described as heterogenous processes, and that the rates of
these reactions are very different from those in the aqueous
phase or on water surfaces. The ozonation of phenanthrene
and 1,1-diphenylethylene deposited from the gas phase was
accelerated at ice and artificial snow grain surfaces com-
pared to liquid water surfaces (Kahan and Donaldson, 2008;
Ray et al., 2011). Recently, a remarkable and unexpected in-
crease in the apparent ozonation rates on ice surfaces with
decreasing temperature was evaluated using the Langmuir–
Hinshelwood and Eley–Rideal kinetic models, and by esti-
mating the apparent specific surface area of the ice grains
(Ray et al., 2013). It was suggested that an increase of the
number of surface reactive sites and possibly higher ozone
uptake coefficients was responsible for the apparent rate ac-
celeration of 1,1-diphenylethylene ozonation at the air–ice
interface at lower temperatures. Other examples are the halo-
gen emissions from frozen sea ice solutions upon reaction
with ozone or OH and the heterogeneous reaction of hypo-
halogenic with halogen acids as recently discussed in detail
(Abbatt et al., 2012). The heterogeneous photosensitised re-
duction of inorganic species such as NO2 has been investi-
gated in the presence of humic substances and proxies for
these species. These reactions are likely due to energy trans-
fer from the humic substance to the reagent on the ice sur-
face (Bartels-Rausch et al., 2010). The last study found that
the reaction rate depends linearly on the concentration of
the organic compounds for low total concentrations in the
ice sample. There was good agreement between the extrap-
olation of reported reaction rates on ice and experiments
on pure organic films, suggesting similar reactivity on both
surfaces. For intermediate concentrations of humic acids in
the ice film, the linear correlation broke presumably due to
an agglomeration effect that reduced the amount of organic
molecules accessible to the gas-phase NO2.

Some differences in heterogeneous reaction rates at ice
and water surfaces are not easily described by known reac-
tion mechanisms. For example, hydroxyl radicals react less
efficiently with aromatic compounds at ice surfaces than
at liquid water surfaces or bulk ice (Kahan et al., 2010b).

High conversion efficiencies were reported for the photolysis
of aromatic compounds such as benzene, naphthalene, an-
thracene, and harmine (Kahan and Donaldson, 2007, 2008;
Kahan et al., 2010a). The faster loss of benzene and naph-
thalene are due at least in part to their aggregation to form
dimers at ice surfaces, where they experience a redshift in
the absorption spectra as compared to aqueous solutions, but
aggregation does not explain the photolysis behaviour of an-
thracene and harmine at ice surfaces (Kahan and Donaldson,
2007; Kahan et al., 2010a). Under the same experimental
conditions, anthracene photolysis in bulk ice proceeded at
the same apparent rate as in aqueous solution (Kahan et al.,
2010c). The observed rates did not depend on temperature
in aqueous solutions (274–297 K) or at the ice surface (257–
271 K) (Kahan and Donaldson, 2007). Faster photolysis rates
at the ice surfaces were explained in terms of its different
physicochemical properties compared to liquid water. Differ-
ent absorption spectra of inorganic acids on ice and in aque-
ous solution make the adsorbed species more susceptible to
photodissociation as discussed further inAbbatt et al.(2012).
Such shifts in the absorption maxima allowed the evaluation
of the nature and magnitude of the intermolecular interac-
tions of both species in ice at 253 and 77 K (Heger and Klán,
2007). The presence of water in close vicinity to the probe
molecules and the intermolecular interactions within the self-
assembled molecular aggregations were believed to cause the
observed shift of the absorption spectra. Enhanced ice–solute
or solute–solute interactions have recently been visualised as
a cage effect in which the boundaries of the cage are defined
by the walls of the micro-pocket or vein that the reagents are
trapped in. In the confined space of the cage, reagents and
intermediates are unable to diffuse away from one another,
so the cage effect reflects an enhanced reactivity unless an
irreversible loss occurs (Ružǐcka et al., 2005). For a detailed
discussion on the photochemistry of organic molecules in ice
and on the cage effect we refer the reader toMcNeill et al.
(2012).

McNeill et al. (2006, 2007) used ellipsometry to iden-
tify an increased surface disorder at temperatures as low as
200 K caused by doping the ice surface with HCl. They re-
ported the enhanced apparent rate when HCl reacted with
ClONO2 for the dopant-induced disorder condition at low
temperatures. At higher temperatures, surface disorder is om-
nipresent (Sect.3.3). For these conditions,Kahan and Don-
aldson(2007) observed a constant apparent photolysis rate
for anthracene on the ice surface between 257 and 271 K. For
other species, it was argued that liquid-like properties of the
disordered interface facilitate heterogeneous reactions. For
example, the reaction of SO2 with H2O2 proceeds via hy-
drolysis of SO2 on the ice surface (Clegg and Abbatt, 2001)
and was thus suggested to be enhanced by surface disorder.
Taken together, these studies show that adsorbates and
molecules that were doped to the air–ice interface by freez-
ing a solution in most cases show chemical rates that are best
described by heterogeneous processes. Even at temperatures
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Fig. 19. Observed quantum yield of OH production from H2O2
photolysis in water and ice (red dots). The slopes for our liquid (blue
solid line) and ice (blue dashed line) results are statistically differ-
ent at the 87 % confidence level, and the slope for the ice data shows
a stronger temperature dependence. Comparison to earlier data by
Chu and Anastasio(2005) (black dashed line) shows that observed
kinetics critically depend on the type of ice matrix: the slope for
the liquid data is identical to the earlier results for liquid and solid
phases (black dashed line). The slope for the shock-frozen ice data
(blue dashed line) indicates a stronger temperature dependency than
results for slowly frozen ice samples (black dashed line). Reprinted
from Beine and Anastasio(2011). Copyright (2011) John Wiley and
Sons.

approaching the melting point (≈ 10 K below eutectic tem-
perature), chemical reactivity at the air–ice interface differs
from that of the air–water interface and of bulk aqueous so-
lutions. Thus, surface disorder seems not to justify the use
of bulk rates to describe reactivity of the mostly insoluble
organics studied at the air–ice interface at these high temper-
atures.

The reactivity of aerosol deposits at the air–ice interface
has not been studied in detail in well-controlled laboratory
studies. Given their reactivity throughout the troposphere
(George and Abbatt, 2010), a critical role in snow chemistry
as a source of volatile organic compounds has been proposed
(Domine and Shepson, 2002). We refer the reader toDomine
et al.(2013) for an in-depth discussion on this topic.

5.6 Chemical processes in models

Models that include complex snowpack chemistry are rapidly
emerging. Some of these models simulate the impact of
chemistry in snow on the composition of air in the bound-
ary layer (Michalowski et al., 2000; Boxe and Saiz-Lopez,
2008; Thomas et al., 2012). Central to these models is that all
chemical reactions are parameterised to occur in a liquid en-
vironment in contact with air. For example, measured liquid
rate constants and Henry’s law constants are applied to a liq-
uid fraction of the snow volume and used to approximate the
behaviour of the snowpack. Such an approach allowed us-

ing knowledge from liquid aerosol models to develop snow-
chemistry models. It was further motivated by early labo-
ratory work that showed the behaviour of some chemicals
in frozen samples may be approximated by treating them
analogously to solvated species (Sect.5.2). An example is
nitrate photolysis (Dubowski et al., 2002; Chu and Anasta-
sio, 2003; Jacobi et al., 2006; Matykiewiczová et al., 2007b),
even though discrepancies between model predictions based
on this simplification and field observations of NOx emis-
sions from snow remain (Frey et al., 2013). From a critical
standpoint, the generalised concept of a surface disorder with
liquid-like properties that is used to justify this approach at
subfreezing temperatures is an over-simplification (Sects.3
and4.1). Clearly, the majority of chemical systems studied so
far in ice samples show a distinctly different behaviour than
that seen in liquid probes, so that a general use of aqueous-
phase chemistry may be questioned and needs to be carefully
re-examined in the future (Sect.5.2). However, it is also clear
that liquid might be present in surface snow at environmental
conditions (Sect.2.1), and for those instances chemical trans-
formations might be well captured by this model approach.

This section shows below how these models, including
liquid-phase mechanisms, can capture observed fluxes and/or
concentrations of trace gases measured above the snowpack.
The outcome of these models can thus be used to evalu-
ate whether snowpack chemistry alone can produce elevated
concentrations of species such as bromine monoxide. Treat-
ment of photochemistry in surface snow and ice has focused
on halogens and nitrate, because laboratory and field studies
have clearly shown that both reactive halogens and nitrogen
oxides are emitted from irradiated snow and ice.

Liao and Tan(2008) integrated simplified chemistry in a 1-
D snow model aiming to simulate the formation of HONO
in the snow during a 6-day period at the South Pole using
prescribed and constant concentrations of nitrate and nitrite.
The chemical reactions included the photolysis of NO−

3 as-
sumed to form directly HONO and the photolysis of HONO
as its only sink. Subsequently, photolysis rates were calcu-
lated based on the simulated spectral actinic fluxes within the
porous snowpack. Due to the fast photolysis of HONO in the
surface layers this region did not contribute to a net produc-
tion of HONO in the snow. Only with the increased vertical
transport due to wind-pumping could the HONO produced
in the deeper layers efficiently be transported to the surface
and into the atmosphere. Overall, the photolysis of nitrate re-
mained smaller than the HONO loss to the atmosphere. Ob-
viously, the simplified parameterisation of snow chemistry
as done in this model does not adequately describe the obser-
vations. For example, an additional source of HONO would
be needed to close the reactive nitrogen budget. However,
the simulation is based only on a few, selected reactions, and
the results were not constrained by observations. The results
were highly sensitive to pH, the volume of the liquid fraction,
and the initial NO−2 concentration.

Atmos. Chem. Phys., 14, 1587–1633, 2014 www.atmos-chem-phys.net/14/1587/2014/



T. Bartels-Rausch et al.: Air–ice chemical interactions 1617

Earlier work using a multiphase box model focused on
halogen activation and ozone depletion events in the coastal
Arctic region (Michalowski et al., 2000). The boundary
layer was modelled using aerosol- and gas-phase chemistry.
Snow and aerosol chemistry was simulated with 16 reac-
tions related to the activation of reactive bromine and chlo-
rine species. The free troposphere was treated as an ozone
reservoir, with downward mixing of ozone to the bound-
ary layer. The four model components (liquid fraction in
snow, boundary layer gas phase, aerosols, and free tropo-
sphere) were in contact using transfer coefficients. For the
exchange between the boundary layer and the liquid frac-
tion in the snow, transfer functions for HOBr, HOCl, HBr,
HCl, and O3 were chosen in the range of dry deposition ve-
locities to the snow surface. The release of volatile species
from the liquid fraction of the snow back to the boundary
layer occurred via two steps from the liquid to the inter-
stitial air and from there to the boundary layer. First-order
rate coefficients for transfer of molecular halogen species
(Br2, Cl2, and BrCl) from the interstitial air to the bound-
ary layer were also chosen similar to the dry deposition ve-
locities. Using the boundary layer height and the snowpack
depth along with the transfer coefficients, the rate of mixing
between the interstitial air and boundary layer gas-phase vol-
ume was determined. This model showed for the first time
emissions of halogens from the surface snow could induce
a complete ozone depletion event. The predicted ozone de-
pletion event was five days after model initialisation. The
study indicated the important role of atmospheric particles in
contributing to ozone depletion, because removing particles
delayed the onset of the ozone depletion event by two days.
The model further showed that, without the influence of the
snowpack, no ozone depletion was predicted. In particular
this work demonstrated that the concept to restrict chemistry
in the snowpack to a liquid fraction, given that all ions were
concentrated in this volume, gave reasonable results for typi-
cal coastal Arctic conditions. The sensitivity of model results
to the volume of the liquid fraction showed that increasing
the volume decreases concentrations and slows the release of
halogens. Choosing an appropriate volume of the liquid frac-
tion that represents natural snow reasonably is an obstacle
in models. Melting point depression by impurities and geo-
metric constraints might be used at temperatures above the
eutectic point. At lower temperatures, models often use the
thickness of the disordered interface. This is also problem-
atic, because measurements do not give a consistent picture
yet (Sect.3.3) and this parameter needs thus to be assumed
so that simulation results match observations. Interestingly,
a recent re-run of a specific nitrate snow-chemistry model
where the liquid fraction was reduced by a factor of up to 100
showed that the overall results were surprisingly robust and
only slightly sensitive to the assumed volume of the liquid
fraction, when other parameters – such as solubility limits –
were accounted for and concentrations adjusted (Bock and
Jacobi, 2010; Jacobi, 2011).

Using an approach similar toMichalowski et al.(2000),
Boxe and Saiz-Lopez(2008) applied a 0-D multiphase model
to study NOx emissions to the boundary layer resulting
from photolysis of nitrate (NO−3 ) and nitrite (NO−

2 ) impuri-
ties in snow. In order to calculate volume fluxes (a surface
flux distributed throughout the boundary layer) the model
also utilised a volumetric factor (1.22× 103) which they de-
scribed as a reaction rate enhancement factor. The calculated
fluxes from the 0-D model were then used in a 1-D model
to predict the NO and NO2 vertical profiles as a function of
height above the snowpack. While this study did not include
a description of snow physics, the volume fluxes predicted
from the model are in good agreement with prior work in
Antarctica (Jones et al., 2011) and provided an initial step
towards understanding the feasibility of predicting the mea-
sured fluxes using a model.

The first full 1-D model of air–snow interactions was pre-
sented byThomas et al.(2011, 2012). While simple and rea-
sonable in the representation of snow physics, the model in-
cluded the most sophisticated reaction mechanism for air–
snow interactions involving NOx to date. The model was
used to understand both NO and BrO measurements at Sum-
mit, Greenland, during a three-day focus period of summer
2008. For the purposes of their study,Thomas et al.(2011)
used primarily aqueous-phase chemistry to describe the liq-
uid layer and varied the initial nitrate concentrations in the
liquid volume so that the model results matched measured
NO concentrations in the boundary layer. The remaining
fraction of nitrate was treated as unavailable for photochem-
istry. This was motivated, in part, by an observed fractiona-
tion of nitrate between the ice surface and interior reservoirs
in a recent laboratory study (Wren and Donaldson, 2011). If
nitrate, in fact, is more concentrated in the liquid layer, then
it is possible that nitrate reacts via different pathways in en-
vironmental snow, for example with precipitates or with or-
ganic molecules. For halogens, this study included all of the
measured halide ions in melted surface snow (Br and Cl) in
the reactive liquid volume. The concentrations for formalde-
hyde and H2O2 were initialised according to their aqueous
Henry’s law equilibrium concentrations. Mass transfer was
treated according toSchwartz(1986), including diffusion-
limited Henry’s law equilibrium to the liquid fraction and
the interstitial air. In the snowpack photolysis rates varied
with depth according to measured e-folding depth for nitrate
at Summit. This study showed that reactions in the liquid
layer followed by transfer to the interstitial air and venting
of the snowpack (by wind pumping and diffusion) can ex-
plain the levels of NO and BrO measured at Summit. How-
ever, it required the assumption that not the entire nitrate is
available for photolysis to match field observations. There-
fore, either reaction rates in the snow are indeed different
from those in the liquid, or nitrate preferentially does not
accumulate in the liquid fraction of snow. The use of other
aqueous-phase parameters, such as Henry law’s constant and
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acid–base equilibrium, or the location of the reactive liquid
could also affect the model.

More recently,Toyota et al.(2013b, a) have developed a
snow-boundary layer 1-D model of bromine, ozone, and mer-
cury chemistry (PHANTAS) that was used to study ozone de-
pletion events in the Arctic (Toyota et al., 2013b). The model
uses a similar approach to that ofThomas et al.(2011) for
modelling the snowpack, with a few notable exceptions. In
PHANTAS, the concentration of chloride in the snow liq-
uid fraction is given as a function of temperature accord-
ing to Cho et al.(2002). In addition, the model includes
vertical diffusion in the condensed phase of the snowpack
for species dissolved in the liquid fraction. This study sug-
gests that bromine release from the snowpack is sufficient
to lead to an ozone depletion event, which is in agreement
with recent experiments byPratt et al.(2013). They also in-
vestigated the role of snowpack photochemistry in contribut-
ing to atmospheric mercury depletion events (Toyota et al.,
2013a). Given that this is the first 1-D model used to inves-
tigate whether snowpack chemistry can initiate and sustain
bromine explosion events, which cause complete ozone de-
pletion in the polar boundary layer, it is clear that future work
will be needed to fully understand the connection between
snowpack photochemistry and Arctic atmospheric chemistry.
Future work on appropriate parameterisations and represen-
tation of snow chemistry in models should clarify the uncer-
tainty associated with how these processes are represented.

5.7 Conclusions about chemistry

Chemistry in ice and at ice surfaces under conditions relevant
to the troposphere is a relatively new area of study. The work
discussed above reflects the complexity of ice and snow as a
host for chemical reactions. Nevertheless, important insight
into the chemical fate of atmospheric species in frozen aque-
ous media can be summarised as follows.

1. A very important factor in the apparent rate of chem-
ical reactions in environmental snow is the presence
of a multiphase system, where liquid solutions and
ice coexist. Many chemical reactions investigated so
far proceed more efficiently in the presence of a liq-
uid phase as compared to the ice matrix. In particu-
lar, the freeze-concentration effect results in signifi-
cant acceleration of observed rates. This is of impor-
tance for a number of reactive systems because reac-
tions that are negligible in dilute solutions may become
important in snow–liquid multiphase systems due to
increased concentrations in the brine and, on occa-
sion, freeze-potential effects. Aqueous-phase kinetics
describe the concentration-dependent chemistry well.
This has been shown for heterogeneous reactions such
as bromide ozonation, as well as for reactions that oc-
cur within bulk regions of ice such as micro-veins and -
pockets. Variables such as temperature and total solute

concentration will determine the liquid content of the
snow and the reagent concentrations and, thus, the ob-
served reaction rates. This underlines the importance
of identifying the presence of liquid or brine in labora-
tory ice samples and in ice in environmental settings.

2. Some reactions were found to be moderately acceler-
ated in ice compared to aqueous samples. By analogy
with the freeze-concentration effect, the higher appar-
ent rates can be understood as a consequence of high
local reagent concentrations. Other types of reactions
were found to proceed with similar or even reduced
apparent rates in ice compared to the liquid phase.
This shows that factors other than local concentra-
tion can influence the observed reactivity. Changes in
mechanism, local chemical environment, and the local
physical environment were discussed, but more stud-
ies are needed to develop a quantitative understanding
of chemistry in snow. In particular, unimolecular re-
actions such as direct photolysis show similar quan-
tum yields and reaction rates in ice as in aqueous solu-
tion. Parameterising these reactions based on aqueous-
phase reaction rates might thus be justified.

3. Heterogeneous chemistry at the ice surface was found
to be uniquely different from that in the bulk water and
on water surfaces. In these instances, parameterisation
based on aqueous-phase chemistry is not appropriate.
First-order heterogeneous rate coefficients specific to
ice surfaces should be used. Unfortunately, only a few
rate coefficients for reactions at ice surfaces have been
measured and more work is needed. How the surface
disorder that occurs naturally on snow crystals is an
important outstanding issue.

As is the case for many areas of environmental study,
the measurement of reaction kinetics and products at en-
vironmentally relevant reagent concentrations is technically
challenging. As analytical techniques gain sensitivity, revis-
iting important reactions at environmentally relevant reagent
concentrations will provide links between laboratory exper-
iments and field observations. A second critical difference
between laboratory studies and settings in the field is that in
laboratory studies the ice matrix is often frozen from liquid
solutions, whereas environmental snow forms mostly by wa-
ter vapour condensation. Thus reactions that occur during the
freezing process might be of relevance for wet snow, but not
for dry snow at colder temperatures. Little is known about
the reactivity in environmental snow in liquid compartments
in dry snow. Impurities will lead to the formation of small
amounts of highly concentrated solutions above the specific
eutectic temperatures. Whether these brines also represent
reservoirs for other impurities, or whether different impuri-
ties mix there to foster reactivity, is unknown.

Despite the challenges involved, these advances are es-
sential for developing correct descriptions of environmental
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processes used in models. Reactive species are localised in
a liquid environment with a constant volume that takes con-
centration enhancements due to the reduced volume of this
liquid fraction into account. A similar approach was used
to reproduce laboratory experiments investigating the pho-
tolysis of nitrate in snow (Honrath et al., 2000; Dubowski
et al., 2002; Jacobi and Hilker, 2007; Bock and Jacobi, 2010;
Jacobi, 2011). Over time the applied chemical mechanisms
were upgraded from very simplified mechanisms as pre-
sented byLiao and Tan(2008) to the most advanced model
to date presented byThomas et al.(2011). The most ad-
vanced model extended an existing atmospheric 1-D chem-
istry model including gas-phase, aqueous-phase, and hetero-
geneous chemistry using additional layers to represent chem-
ical processes in the snow. Nevertheless, a full representa-
tion of the distinct compartments (bulk ice, grain boundaries,
ice surface, liquid brine, solid precipitates) and the differ-
ent physicochemical processes has not yet been attempted,
in part due to the difficulty in treating the non-equilibrium
chemical processes in these complex environments. Signif-
icant developments in modelling these processes will be
needed in the future, but will require close cooperation be-
tween laboratory scientists, measurement campaigns, and
a corresponding development of an interdisciplinary model
community capable of including these complex processes in
models.

6 Synthesis and outlook

Snow is of great interest in a number of scientific disciplines
ranging from fundamental materials science to applied envi-
ronmental science (Bartels-Rausch et al., 2012). In this re-
view, we focus on atmospheric and cryospheric science of
the polar regions, where chemistry and physical processes
in snow have a far-ranging environmental impact (Grannas
et al., 2013). The focus was placed on studies that showed
the interplay of impurities with snow and ice and that char-
acterised the structural environment down to a molecular
level. It was demonstrated that the structural and chemical
environment of impurities varies significantly depending on
their location within the snowpack and that for their fate
the knowledge of the distribution of impurities between in-
dividual compartments and the description of chemical and
physical processes therein is crucial. For example, a sound
parameterisation has been developed based on well-defined
laboratory studies for the uptake of a number of atmospher-
ically relevant trace gases to ice surfaces. Chemical reactiv-
ity studies focused mainly on photochemical reactions and
on bimolecular reactions in freezing systems. The chemistry
during freezing and in partially frozen multiphase systems
seems to be well understood taking concentrations in the re-
maining liquid phase into account. For the chemistry in ice a
detailed parameterisation cannot yet be given; apparent rates
show large deviations for individual studies. Important fac-

tors explaining the observed reaction rates are local concen-
tration, physical and chemical environment, and mechanism
changes. Clearly, more studies are needed in particular at low
reagent concentrations. Previous modelling attempts in snow
chemistry have addressed specific questions such as the con-
servation of H2O2 and formaldehyde in snow, firn, and ice
or the release of reactive species from the snowpack to the
atmosphere. The objectives of the respective studies have de-
termined the degree of the complexity of the physical and
chemical parts of the snow models: simulation of snow and
firn profiles of H2O2 and formaldehyde have emphasised the
role of long-term physical and meteorological processes (e.g.
accumulation, compaction, exchange between the gas phase
and the bulk solid), while the studies of the nitrate photolysis
concentrated on a sophisticated representation of fast chem-
ical processes and the transport in the firn air. So far nei-
ther of the models has included fully coupled snow physics
and chemistry in which the physical properties of the snow-
pack and its changes over time were fully simulated to de-
liver a consistent frame for the modelling of the chemical
processes in the snowpack.

Understanding and modelling chemistry in snow will re-
main difficult since our current knowledge of many crucial
components is still very limited. A key issue is the distri-
bution of impurities. For example, most of the described
models including chemical reactions assume that these re-
actions take place in a liquid environment in the snow ma-
trix (Michalowski et al., 2000; Boxe and Saiz-Lopez, 2008;
Bock and Jacobi, 2010; Thomas et al., 2012). This approach
seems well justified when liquid brine is present. Laboratory
work has clearly shown that even small amounts of aque-
ous solution can dominate the chemical reactivity, exchange
of trace gases, and distribution of impurities in snow. This
induced melting and brine formation is one way of how im-
purities can change the structure and composition of snow.
Some experiments indicated that the concentrations in such
a brine fraction can be deduced assuming a simple thermody-
namic equilibrium approach using ideal behaviour of the so-
lutes (Cho et al., 2002). Therefore, such an approach to define
initial concentration of solutes in a given volume of brine has
been used byBoxe and Saiz-Lopez(2008) and during further
studies based on laboratory experiments (Jacobi and Hilker,
2007; Bock and Jacobi, 2010; Jacobi, 2011). A recent study
refined this approach, taking into account the non-ideal be-
haviour of the solutes in the highly concentrated brine (Kuo
et al., 2011), leading to a better agreement with previous lab-
oratory experiments. Open issues in this treatment remain the
precipitation of solutes when solubility limits are reached
(Jacobi, 2011), the solubility of impurities in the ice crys-
tal, and the trapping of impurities in solid deposits, such as
aerosols, within the snow.

While thermodynamics predict the concentration of brine
for a given amount of impurities in a snow sample, uncertain-
ties with this approach stem from unpredictable fractionation
of impurities between the air–ice interface and the bulk ice
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phase. Further, such brine in snow does not necessarily form
one connected phase, and little is known about the mixing of
impurities, which is essential for efficient reactivity. For ex-
ample,Thomas et al.(2012) found best agreement between
simulations and observations if a fraction of only 6 % of the
measured nitrate in the snow was present at the surface of
the snow crystals. As the fractionation of solutes between the
surface and interior of snow crystals is highly concentration-
dependent, it remains unclear whether a similar fractionation
of nitrate can also be applied to a snowpack with different
nitrate or sea salt concentrations or at different temperatures.
Alternatively this may indicate that reaction rates in the liq-
uid fraction of snow differ from those in aqueous solutions.
This is an inherent problem of snow-chemistry models: with
the increase in complexity needed to capture observations,
they become less confined. In principle, this thermodynamic
approach holds only down to the temperature of the eutectic
point, at which all components form a solid phase. Neverthe-
less, a concentrated liquid fraction has been observed well
below the eutectic temperature of a bulk ice sample (Cho
et al., 2002). Surface-sensitive spectroscopy, on the other
hand, gave no indication of liquid below the eutectic (Kře-
pelová et al., 2010a). Possibly, the liquid observed in the bulk
sample was located in nanometre-sized micro-pockets that
formed during the rapid freezing of the highly concentrated
solutions used in that study. Just as in small aerosol droplets,
freezing might be inhibited by steric reasons in such small
compartments. Projections to environmental snow might thus
be highly questionable. Precise knowledge of the location of
impurities is thus important and a unifying theory describing
the liquid fraction of ice covering the range of temperatures
and impurity concentrations observed in natural snow still
needs to be developed.

Modelling and interpretation of laboratory results have
been based on the existence of a disordered interface on ice
with properties similar to liquid water. This very simplified
picture to describe the disordered interface has been used
successfully in thermodynamic frameworks, and is somehow
supported by water diffusion measurements on ice surfaces.
Also molecular dynamics simulations indicate that in a very
thick disordered interface the upper part has structural fea-
tures approaching those of a supercooled liquid. However,
describing the surface disorder as a homogeneous liquid-like
phase contradicts direct observations showing distinct struc-
tural differences between the disordered interface and a liq-
uid phase. Further, the properties of such a layer, such as
thickness and volume, and their dependence on temperature
remain poorly defined. However, most studies on pure ice in-
dicate that the disordered interface remains rather thin with
structural features highly influenced by the underlying solid
crystal. This and the widespread presence of impurities in
the field make this disordered interface less relevant for un-
derstanding snow chemistry in polar regions. It is clear that
impurities increase the thickness of the disorder. Recent sim-
ulations and direct observations, however, indicate that the

impact of impurities on the hydrogen-bonding network at the
ice surface is limited to their vicinity where they form a hy-
dration shell. This means that the impurity experiences an
environment similar to an aqueous solution even when the
disordered interface is very thin and that the molecular struc-
ture at the ice surface may be very heterogeneous. Further
studies are needed for a larger set of impurities and with dif-
ferent methods. How the local disorder induced by some im-
purities influences the uptake, distribution and chemistry of
other impurities is an essential open issue. Approaching the
melting point, the lack of knowledge of the surface disorder
even increases, as the number of studies investigating the sur-
face disorder and its effects just below the melting point are
limited.

It is generally assumed that no reactions take place in the
solid phase of the snow grains due to the reduced mobility of
the products or because these reactions are too slow. Never-
theless, this portion can constitute an important reservoir for
reactive species like H2O2 and possibly also for nitrate. In
these cases, adsorption, desorption and solid-state diffusion
need to be considered for the successful modelling of con-
centration profiles in snow, firn, and ice on longer timescales
(Hutterli et al., 2003).

The potential role of aerosol deposits as a host of impu-
rities and of chemical reactions has not been investigated in
laboratory or modelling studies (Domine and Shepson, 2002;
Domine et al., 2013).

For the description of chemical processes in models – in-
cluding photochemical reactions, adsorption and desorption
on the grain surfaces, diffusion inside the grains, and trans-
port in the interstitial air – physical snow properties like
temperature, density, grain shape and structure are crucial.
In many models, the physical properties have been assumed
to be constant and were based on observations. Such an ap-
proach is reasonable for the structural parameters like density
and grain shape if the simulations are restricted to shorter
periods like several days and excluding fresh snow. How-
ever, even on this timescale the snow temperature under-
goes variations linked to diurnal cycles in radiation or rapid
changes in the air temperatures, so that an explicit descrip-
tion of the evolution of the temperature will be needed. Re-
cent advances in X-ray-computed microtomography have en-
abled us to observe the changes in the structure of a snow
sample in situ under such temperature gradients. These stud-
ies have revealed huge water mass fluxes on timescales of
days (Pinzer and Schneebeli, 2009b; Pinzer et al., 2012). An
explicit description of the evolution of the temperature will
be needed in future simulations for longer periods (weeks to
multi-annual cycles), and changes in the snowpack proper-
ties due to metamorphism and compaction need to be consid-
ered. Moreover, the fate of impurities during this movement
of water molecules and the restructuring of the snow struc-
ture is an essential, yet open, issue. Laboratory experiments
with growing ice showed that particularly strong acids are
buried by growing ice films, leading to an enhanced uptake
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from the gas phase. More studies are needed to asses the
fate of impurities in snow that is not in equilibrium with the
water-vapour pressure. The rate and timing of snow accumu-
lation are important factors determining the direct input and
the release of volatile impurities to the snow in the case of
H2O2 and formaldehyde (Hutterli et al., 2003). Furthermore,
even in polar regions fresh snow can undergo rapid changes,
contributing to an enhancement of the release of incorpo-
rated but volatile species like formaldehyde (Jacobi et al.,
2002). Snow physics models with varying complexities exist
to reproduce the development of snow properties (Schwan-
der, 1989; Brun et al., 1989; McConnell et al., 1998; Hutterli
et al., 1999; Bartelt and Lehning, 2002; Lehning et al., 2002).
Although some of these models were developed to contribute
to the forecasting of avalanches in the Alps, further studies
have shown their general applicability also to other snowpack
types (e.g.Lejeune et al., 2007; Jacobi et al., 2010) and even
to the simulation of snowpack properties on the top of the
large ice sheet (Genthon et al., 2001; Brun et al., 2011). Al-
though the existing snow physics models still contain simpli-
fied parameterisation of important processes (e.g.Etchevers
et al., 2004) and need to be developed further, such models
can constitute a useful physical frame for the simulation of
chemical processes in the snow in a 1-D model on different
timescales.
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