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Abstract. It has been shown that sunlit snow and ice playsboundary layer. Since the initial discoveries of £&Hand

an important role in processing atmospheric species. PhotaNOy production within polar snow (Fuhrer et al., 1996; Sum-
chemical production of a variety of chemicals has recentlyner and Shepson, 1999; Honrath et al., 1999) evidence for
been reported to occur in snow/ice and the release of thestne photochemical production and release of a range of trace
photochemically generated species may significantly impacgases has been found. These processes appear to be ubiqui-
the chemistry of the overlying atmosphere. Nitrogen ox-tous, occurring wherever sunlight shines on snow. The sig-
ide and oxidant precursor fluxes have been measured in mificance of their influence varies according to background
number of snow covered environments, where in some casesoncentrations of radicals, and is less important in boundary
the emissions significantly impact the overlying boundary layers that are anthropogenically perturbed. But in the re-
layer. For example, photochemical ozone production (suctmote high latitudes, emissions from the snow can dominate
as that occurring in polluted mid-latitudes) of 3—4 ppbv/day boundary layer chemistry. On the Antarctic plateau, for ex-
has been observed at South Pole, due to high OH and NO levample, some oxidants are as abundant as in the tropical tro-
els present in a relatively shallow boundary layer. Field andposphere when viewed in terms of 24 h averages (Mauldin et
laboratory experiments have determined that the origin of theal., 2004).

observed NQflux is the photochemistry of nitrate withinthe ~ The cryosphere, however, is not static. Global
snowpack, however some details of the mechanism have nainow/ice coverage fluctuates over both seasonal and climatic
yet been elucidated. A variety of low molecular weight or- timescales. In our present interglacial period, snow and ice
ganic compounds have been shown to be emitted from sunare not restricted to polar regions but are found at much lower
lit snowpacks, the source of which has been proposed to b&atitudes according to the time of year. Previously, the great
either direct or indirect photo-oxidation of natural organic ice sheets of the glacial periods covered 25% of the Earth’s
materials present in the snow. Although myriad studies havesurface year-round (as opposed to the present-day 10%) with
observed active processing of species within irradiated snowadditionally extensive seasonal snow and sea-ice coverage.
packs, the fundamental chemistry occurring remains poorlyPredictions for the future are for considerably less snow cov-
understood. Here we consider the nature of snow at a fundaerage than at present. The influence of the cryosphere on
mental, physical level; photochemical processes within snowatmospheric composition certainly has varied through time
and the caveats needed for comparison to atmospheric phand will change in the future.

tochemistry; our current understanding of nitrogen, oxidant, The science of “snow photochemistry” is relatively young.
halogen and organic photochemistry within snow; the currentt is an interdisciplinary subject, drawing on expertise in a
limitations faced by the field and implications for the future. wide range of areas. The aim of this paper is to draw this
expertise together, and to disseminate information that is rel-
evant for understanding emissions from snow and their in-
fluence on atmospheric chemistry. Here we review the de-
tailed chemistry and microphysics of snow itself; explore

It is now widely recognized that the Earth System is tightly Photochemistry above and within snow; and review obser-
interconnected. Changes in one component can strongly afational evidence of the impact snow photochemistry has on
fect the state of another; feedbacks between them can ha/8€ boundary layer and the chemical and physical mecha-
subtle influences that might either amplify or mitigate trends. Nisms that drive the emissions. Finally we assess current
A connection now receiving growing attention is that be- limitations that are impeding progress in understanding, and
tween the atmosphere and the cryosphere. The cryosphef@nsider implications for future atmospheres.

forms a large proportion of the Earth’s surface: a seasonal

maximum of 40% of land is covered by snow or ice, while _ _ )

several percent of the world’s oceans are covered by sea ic& Unique physical and chemical aspects of snow
Traditionally, the cryosphere has been viewed as a “cap”, in- . ) ) o

hibiting emissions from land and ocean surfaces below and-1 Understanding the location of impurities in snow

acting itself as a permanent sink of atmospheric species. ThE q Lo th dv of h hemi .
show itself has not been considered beyond its effect on ra- un .ar.nenta to the study o show p otop emistry Is an ap-
diative transfer through albedo. preciation of snow structure, and in particular, the location

Recent evidence. however. has shown that the pola}Nithin snow crystals/grains where impurities reside. It is

cryosphere can have a major influence on the overlying at_these impurities that may ultimately undergo reactive pro-

mosphere. Rather than being inert, or simply a sink for impu-Cesses a?dhgenerate ';race gas products. s §
rities, snow is highly photochemically active, with snowpack Most of the mass of precipitating snow crystals forms by

impurities photolyzed to release reactive trace gases into thi'€ condensation of water vapor onto an ice-forming nucleus
(IFN) or by the freezing of supercooled droplets onto grow-

Correspondence toA. M. Grannas ing ice crystals, a process called riming (Pruppacher and
(amanda.grannas@villanova.edu) Klett, 1978). IFNs are therefore a source of impurities in

1 Introduction
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snow crystals, as are the cloud condensation nuclei (CCNJarge ionic strengths in that layer (Cho et al., 2002; Carig-
that nucleate supercooled water droplets. Various materialaano et al., 2006). Adsorption of gases on ice surfaces at
can act as IFN or CCN: plant debris, bacteria, minerals, andropospheric temperatures has sometimes been described as
the ubiquitous sulfate aerosols (Pruppacher and Klett, 1978dissolution in the QLL. Molecular dynamics studies confirm
Khvorostyanov and Curry, 2000; Sattler et al., 2001; Targinothat actual solvation and solution of polar molecules within
et al., 2006). Supercooled droplets can also scavenge gasé® QLL takes place (Compoint et al., 2002). Therefore, the
and non-activated aerosols in the cloud. Rimed snow is usumore soluble and dissociating acids probably even affect the
ally more concentrated in impurities than snow formed solelystructure of the QLL. For the less soluble gases, most ex-
from the condensation of water vapor (Mitchell and Lamb, perimental results have been able to describe the adsorption
1989; Poulida et al., 1998). The location of species trappedf trace gases on ice by the formalism used for adsorption
in rime ice has been little studied. They could form supersat-on solid surfaces (e.g. Sokolov and Abbatt, 2002; Winkler et
urated solid solutions (a solid-state solution of solutes withinal., 2002; Domig and Rauzy, 2004; Ullerstam et al., 2005;
ice), or pockets and veins of brine, as observed during thellerstam and Abbatt, 2005).
freezing of sea water (Eicken, 1992). During precipitation, falling crystals can scavenge atmo-
The growth of ice crystals by vapor condensation oftenspheric aerosols, and gases can adsorb onto the crystal’s sur-
takes place in a discontinuous manner, with new layers ofaces or even diffuse into its bulk. The composition of a snow
water molecules condensing at crystal edges (Nelson andrystal arriving at the Earth’s surface is a complex function of
Knight, 1998). Experiments at low temperaturesl90 K) the process of formation, the composition of the cloud where
have shown that molecules such as HCI or HN@hize and it was formed, and the composition of the air mass underly-
become solvated on contact with ice surfaces (Horn et al.jng the cloud (Schwikowski et al., 1998; Franz and Eisen-
1992; Banham et al., 1995). Experiments on the photolysigeich, 1998; Lei and Wania, 2004). Following precipitation,
of the nitrate ion at temperatures relevant to snow conditionghe snow will be out of thermodynamic equilibrium with the
indicate that ionization also takes place at these higher tematmosphere, due to differences in temperature and air com-
peratures (e.g. Chu and Anastasio, 2003; Boxe et al., 2005position from that of the originating cloud, thus, gases can
The ions can soon become incorporated in the frozen latticdve taken up or emitted by the snow (Conklin et al., 1993;
because of the rapid desorption/adsorption of water from/tavicConnell et al., 1998; Hutterli et al., 2002, 2003). Chemi-
the ice surface. Other molecules such a©FHand CHO cal reactions can also take place on the crystal surface, in its
also can become buried in ice structures but little is knownvolume, or on/in aerosol particles captured by the snow, or
of the chemical form that they take (for example as;OH  scavenged during descent. The availability of species to be
or HoC(OH)) or whether they attach to surface hydrogen emitted or to react will depend on how they were incorpo-
bonds, dissolve in the quasi-liquid layer (see below) or residerated in the snow.
in ice “micropockets”. Larger molecules such as acetone, Adsorbed species react rapidly to changes in thermody-
acetaldehyde and alcohols adsorb on ice by forming hydrohamic conditions and are readily available for reaction with
gen bonds (Picaud et al., 2000, Sokolov and Abbatt, 2002atmospheric gases. Species present on scavenged aerosols
Dominé and Rey-Hanot, 2002; Winkler et al., 2002; Hud- located on the surface of snow crystals can be expected to
son et al., 2002; Bartels-Rausch et al., 2004). Semi-volatilehave a reactivity similar to that in the aerosol phase. Species
organic molecules of low polarity adsorb onto ice through dissolved within ice crystals, or contained in IFN and CCN
van der Waals interactions (Roth et al., 2004; Goss, 2005)are completely trapped within ice crystals, and are thus not
and are considered not to dissolve. These large moleculeim contact with atmospheric gases. Their reactivity will be
include polycyclic aromatic hydrocarbons (PAHs) and per-limited to solid phase processes that are extremely slow,
sistent organic pollutants (POPs) (Jaffrezo et al., 1994; Blaisand to photolysis, whose efficiency may be severely limited
et al., 1998; Daly and Wania, 2004). by cage effects. Species forming a solid solution with ice
The surface and grain-boundaries of ice are disorderedan diffuse within the ice crystalline lattice and reach the
(e.g. Petrenko and Withworth, 1999;6ppenschmidt and surface. The diffusion coefficientd), measured for HCI,
Butt, 2000; Wei et al., 2001; Girardet and Toubin, 2001; HNO3 and CHO in ice around —1%5C are in the range 161
Sadtchenko and Ewing, 2002; Cho et al., 2002) to the exto 10~ 12cns™1 (Thibert and Domig, 1997, 1998; Perrier
tent that near the freezing point, the ice surface layer hat al., 2003; see also a critical review bf measurements
been called the quasi-liquid layer (QLL). The lowest tem- in Huthwelker et al., 2006). The physical environment of
perature where the QLL still exists is uncertain, as it de-species in rime ice is not clear. However, if they are con-
pends on the method used to detect it and on the presendained in brine pockets or veins in contact with the atmo-
of adsorbed impurities that can lower its temperature rangesphere, their release time will be dictated by their diffusion
of existence. Wei et al. (2001) show evidence for the ex-rate in a liquid phase, with ® value around 10° cn?s™1,
istence of the QLL down to —PC€. For ice with very high  much faster than for species in solid solutions.
ionic concentrations, the ions are excluded from the bulk and At present, understanding of the location of impurities in
form a brine layer at the surface or at grain boundaries, withnatural snow is limited, so that predicting snow chemical

www.atmos-chem-phys.net/7/4329/2007/ Atmos. Chem. Phys., 7, 43282007
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reactivity based solely on bulk chemical composition is notalso likely to contribute (see further discussion in Sect. 5.3).
possible. It is therefore clear that one of the great needs tdn addition, the presence of high levels of other impurities
advance the state of the science is the ability to probe thén snow affecting the pH influence the preservation of e.qg.
chemical morphology of snow and ice, in the macro- and mi-nitrate and chloride: Elevated levels of sulfate can mobilize
croscopic domains (as further discussed in Sect. 6). nitrate whereas high levels of dust immobilizes chloride in
the snow (Rthlisberger et al., 2002, 2003). Fewer processes
2.2 Physical and chemical transformations of snow crystalsan affect aerosol species that have long been considered to
after deposition be irreversibly deposited (Dibb and Jaffrezo, 1997). How-
ever, species such as semi-volatile organics, which are partly
After deposition, snow crystals in the dry snowpack are sub-aerosol bound, can be lost through both physical and photo-
jected to temperature gradients that generate water vapahemical processes. Most observations indicate an increase
fluxes between crystals. These fluxes cause the sublimatioim aerosol species by dry deposition, a process accelerated
of parts of crystals and condensation on other parts, resulthy wind, as snow can effectively filter out particles entrained
ing in changes in snow crystal sizes and shapes, and changggo its pores by wind-driven air motion (e.g., Waddington et
in the physical properties of the snowpack, such as densityal., 1996; Harder et al., 2000; Donéiret al., 2004). Snow
porosity, heat conductivity, hardness, specific surface areaetamorphism can also affect the nature and rate of photo-
and albedo. The processes that lead to snowpack metamoghemical reactions, largely through changes in snow grain
phism occur on individual grains, but result in bulk composi- size and specific surface area, hence snow albedo (Boghin
tional changes to both physical and chemical properties ofl., 2006) and light penetration depth (Simpson et al., 2002a).
the snowpack. Snow physics as related to photochemical wet metamorphism can dramatically affect snow com-
processes is reviewed by Dorgiet al. (2007). position. Soluble species, including the well-studied acids
Major changes in snow composition occur after deposi-H,S0Qy, HNOs and HCI, have a greater affinity for water than
tion. Examples include the decrease of nitrate in seasondor ice. They partition preferentially to the liquid phase and
snowpacks and on ice caps (Mayewski and Legrand, 1990are readily removed by the first stages of percolation (e.g.,
Nakamura et al., 2000; ®hlisberger et al., 2000, 2002; Tranter et al., 1986). However, even for inorganic ions there
Beine et al., 2002a), and the increase in sulfate, mineral dusis evidence for significant fractionation driven by preferen-
and sea salt compounds (Harder et al., 2000; Aoki et al.tial elution of some ions (e.g. Sﬁo ca&t, Mg?t, Kt, Nah)
2000; Domirg et al., 2004). However, relating those changespefore others (NQ, NH", CI=, F) (Eichler et al., 2001).
to a specific process is often difficult. Changes can be causegess soluble species such as non-polar organic molecules are
by physical processes such as dry deposition of gases anglso found in meltwaters, but are less easily removed by per-
aerosols, the formation of surface hoar crystals or the freezgglation (Meyer et al., 2006). Particulate material is also en-
ing of supercooled droplets during fog events (Bergin et al. trained by percolating water, but rarely in the early stages
1994, 1995, 1996). Photoreaction of snow species betweelnd may remain in the snow until the final stages of melt-
themselves or with atmospheric gases (Sumner and Shepsoifig (Hodgkins et al., 1998; Lyons et al., 2003; Meyer et al.,
1999; Spicer et al., 2002; Grannas et al., 2004) may als@(06).
lead to changes in snow composition, as well as processes
directly linked to snow metamorphism such as the release.3 Interaction of organics with ice
of adsorbed and dissolved species (Hutterli et al., 2004).
Sublimation/condensation cycles during metamorphism haveAn understanding of the interfacial interactions between
the potential to release or trap dissolved species and exposee/snow and organic molecules comes from various studies,
trapped aerosols, changing snow and atmospheric composiacluding those of physical and chemical properties of the
tion and making these species available for gas phase or suice surface (Engquist 1995a, 1995b; Bertilsson et al., 1997,
face reaction. Solid-state diffusion of species forming solid 1999; Wania et al., 1998; Schaff and Roberts, 1999a, 1999b;
solutions with ice can also take place. Metamorphism almosGirardet and Toubin, 2001; Borodin et al., 2004; Gudipati,
always results in the decrease of the specific surface area @004; Roth et al., 2004; Guzn et al., 2006a; Heger et al.,
snow (Cabanes et al., 2002, 2003), which inevitably result2005; Heger and Kin, 2007) and cryogenic chemical be-
in a decrease in the amount of adsorbed species. havior of ice contaminants (Sumner and Shepson, 1999; Wa-
Physical processes and photochemistry can both connia et al., 1999; Dubowski and Hoffmann, 2000;aKland
tribute to decreases in impurity concentrations in snow. ForHoloubek, 2002; Coloussi and Hoffmann, 2003aKlet al.,
example, release by purely physical processes has been i2003; Klanowa et al., 2003a, 2003b; Grannas et al., 2004;
voked to explain the huge post-depositional decrease in niGuzman et al., 2006b; Heger et al., 2006). Adsorption of
trate concentrations in central Antarctic snow (Nakamura etvarious organic molecules on ice surfaces can be described
al., 2000; Rthlisberger et al., 2000; Blunier et al., 2005), but well with a multi-parameter linear free energy relationship,
nitrate photolysis (Honrath et al., 1999; Ridley et al., 2000; based on the van der Waals and the electron donor/acceptor
Davis et al., 2001, Jones et al., 2001; Wolff et al., 2002) isinteractions (such as H-bonding) (Roth et al., 2004). Studies

Atmos. Chem. Phys., 7, 4328373 2007 www.atmos-chem-phys.net/7/4329/2007/
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at low to very low temperatures (80 to 190K) have found O’Driscoll et al., 2006). In many heterogeneous reactions,
that ice surfaces interact with contaminants via three dif-rate acceleration and/or new product pathways are promoted
ferent important types of surface water molecules, includ-by natural freeze-thaw cycles which can occur in snow and
ing those with dangling hydrogen or oxygen atoms (Devlin, ice.
1992; Devlin and Buch, 1995). Many organic halocarbon For example, it has been shown that both sulfur dioxide
compounds have also been shown to adsorb on water-icesnd sulfide ions incorporated into ice are oxidized to sulfate
by interactions with the ice surface dangling bonds (Holmesions (Valdez et al., 1989; Finnegan et al., 1991, Betterton and
and Sodeau, 1999). Studies of the adsorbed states of some gknderson, 2001). Similarly iodide and bromide ions become
ganic molecules, such as acetonitrile, chloroform (Schaff andbxidized to higher valence species when frozen (Eyal et al.,
Roberts, 1999a, 1999b), acetone (Schaff and Roberts, 1998)964). It was later discovered that the N(lll) species,;NO
or benzene derivatives (Borodin et al., 2004) have revealeéitnd HONO, can be oxidized by molecular oxygen to nitrate
the scope of hydrogen-bonding or dipolar interactions. It isions upon freezing in aqueous solution at a rate abo@t 10
not clear, however, how these low temperature data apply tdaster than that found at room temperature (Takenaka et al.,
snow surfaces that exist in the range 200-273 K, where tha992). The mechanism was ascribed to a combination of ion-
QLL is present. Most importantly, adsorption, desorption, separation and a “freeze-concentration” pathway in which
interaction types, or diffusion of the molecules are known hydrogen ions were rejected from the ice to solution pock-
to be temperature and phase-dependent variables (Cho et ats existing within the overall structure. The reaction was
2002; Abbatt, 2003; Heger et al., 2005). suggested to take place in unfrozen solution “micropockets”
Some solutes are known to become spontaneously segreurrounded by walls of ice grains. The importance of acidity
gated at grain boundaries in the polycrystalline ice duringin driving the reaction was also shown in the experiments,
the freezing process (Cohen et al., 1996; Finnegan and Pittewhich were performed at pH values between 3.0 and 5.6.
1997), however most studies have focused on inorganic ionsfo occur within natural snow, therefore, these micro-pockets
with relatively little known about the behavior of neutral or- must be considerably acidic, something that needs further in-
ganics. Such a solute concentration-enhancing effect (Dashestigation.
et al., 1995; Takenaka et al., 1996; Cho et al., 2002) may
cause solute organic molecules to self-organize (Heger et al.,
2005). Many laboratory studies have provided evidence thaB Introduction to photochemistry in and above snow
the ice/snow impurities are located in the QLL on the surface
of the single ice crystals (Conklin and Bales, 1993; Dash efThe ultraviolet (UV) spectral region is the most critical for
al., 1995; Dubowski et al., 2001; Wei et al., 2001; Cho et photochemistry in the atmosphere and snowpack because
al., 2002; Dubowski et al., 2002; Chu and Anastasio, 2003;those photons possess high enough energy to break chem-
Klanow et al., 2003a; Robinson et al., 2006). Most of theseical bonds, but low enough energy to penetrate the ozone
studies, however, used dopant concentrations much highdayer and reach the troposphere. Radiation of wavelengths
than natural ones, and this preferential segregation may nashorter than 290 nm (UV-C region) is completely absorbed
always occur in nature. Indeed, species such asland by the ozone layer and is thus not important to tropospheric
possibly others, have a small but non-zero solubility in ice chemistry. Photons in the UV-B region, 290 to 320 nm, pass
(Burkhart et al., 2002; Perrier et al., 2003), and it is pos-at least partially through the ozone layer, and are responsi-
sible that this segregation takes place only once this soluble for tropospheric ozone photolysis and production of hy-
bility limit is exceeded, which happens in the laboratory but droxyl (OH) radicals through the reaction of ) + H,0,
notin nature. The concentration-enhancing effect in partiallyalthough other production mechanisms for OH are likely to
frozen agueous solutions also has been described in connebe more important at high latitudes. The UV-B levels in the
tion with the acceleration of some thermal reactions sincetroposphere are highly dependent on the stratospheric ozone
the 1960s (Grant et al., 1961; Bruice and Butler, 1964; But-abundance and the solar zenith angle, which determines the
ler and Bruice, 1964; Fennema, 1975; Takenaka et al., 1992path of light through the stratosphere. Ozone, bromoform
Takenaka et al., 1996). Recent work has illustrated that th¢ CHBr3), and nitrate ions in aqueous solution (559 are
freeze-concentration effect can also have significant impact$)V-B absorbers. The UV-A region, 320 to 400 nm, has low
on the photochemistry of organics occurring in the QLL on enough energy to pass through the ozone layer with little at-
the surface of ice (Bausch et al., 2006). tenuation, and thus has a lower dependence than UV-B ra-
diation on overhead ozone and solar zenith angle. Impor-
2.4 Impacts of freezing on snowpack impurities and reac-tant atmospheric chemicals that are photolyzed in the UV-A
tions are NG, HONO, CHO, and BrO. The solar zenith angle,
ground reflectivity (albedo), and the overhead ozone are crit-
Various studies have shown that the action of freezing can afical parameters for considering photochemical rates (Meier
fect chemical impurities or reaction processes in snow (Tak-et al., 1997). At high latitudes, the sun never gets as high
enaka et al.,, 1992, 1996; Betterton and Anderson, 2001in the sky as it does at lower latitudes. Generally, this effect
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whereo is the absorption cross section afidthe quantum
yield for the production of the compounds in question. Both
o and @ are functions of wavelength,, and temperature,
T. F is the actinic flux (photons cnf nm1s1), i.e. the
omnidirectional flux of photons of wavelength impinging on
the molecule.

In the atmosphere, light rays propagate long distances be-
tween scattering events, which allow the actinic flux to be
measured directly by using a diffusing optic that collects light
from all directions with equal sensitivity (Hofzumahaus et
al., 1999). The actinic flux may also be modeled by radi-
ation transfer models, such as the Tropospheric Ultraviolet
and Visible model (TUV) fittp://cprm.acd.ucar.edu/Models/
TUV) (Madronich and Weller, 1990). In the snowpack, it is
difficult to place the diffusing optics of an actinic flux spec-
tral radiometer because of their large size and the short scat-
tering length within snow. Therefore, most investigators of
photolysis rate coefficients in snow have used measurements

and seasons at selected sites where snow photochemistry measuts-i-radiance to constrain radiation transfer models and in-

ments have been made. Data shown for: South Pol239@3-
December, 2000); Niwot Ridge, Colorado, USA {40, 18 April,
2003); Houghton, Michigan, USA (4N, 14 January, 1999); and
Summit, Greenland (74N, 23 June, 2000).

significantly decreases the photolysis rates with increasin
latitude. However, the presence of snow at high latitudes
which causes the ground to have a high albedo — oft@®%

in the UV spectral region — acts to increase atmospheric pho

tolysis rates, sometimes even overcoming the less favorabl

solar zenith angles. This albedo effect is very significant
for UV-A absorbing species, and diurnally-averaged spring-
time photolysis rates at high latitudes often are comparable

to mid-latitude values. Good examples of this effect are see
in the comparability of high and mid-latitude photolysis rates
of NO,, BrO, HONO, and CHO. The same albedo enhance-
ment effect is present in the UV-B spectral region, but the
long slant paths of the light through the ozone layer greatl
attenuate the UV-B intensity and cause the photolysis rate

for UV-B absorbers to be up to an order of magnitude smaller

in the high latitudes than at mid latitudes (Simpson et al.,

2002b). This effect, which varies with season and latitude,

is particularly seen in ozone photolysis resulting int)
atoms (Fig. 1) (Lefer et al., 2001). In addition to the afore-
mentioned albedo effect at very high latitudes, there can als

be a substantial influence at these latitudes from having 24I?

of continuous photolysis and thus continuous photochem
istry in summer. Additionally, the loss of stratospheric ozone
in both the Antarctic and Arctic will allow for greater pene-

tration of shorter wavelength (and more photochemically re-

active) UV radiation to the surface, albeit at a time of year

when solar irradiance is reduced compared with the summeri.e

etion. This scattering ultimately redirects the light back up-
wards and out of the snow, leading to the high albedo of

Photolysis frequencies are quantified by the first-order rat
coefficient for a molecule, which is normally termg¢s1),
and is given by: (Madronich, 1987; Meier et al., 1997)

J=o(\, T)®, T)F(A)dA (1)
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%

n

vert the measurements to actinic fluxes and then photolysis
rate coefficients (Simpson et al., 2002a). A complementary
method to measure photolysis rate coefficients in snow uses a
molecular probe known as a chemical actinometer. The acti-
nometer molecule undergoes a well characterized unimolec-
lar chemical reaction at a rate proportional to the solar ac-

tinic flux, and thus the actinic flux in a spectral region can

be determined (Qiu et al., 2002; Galbavy et al., 2007a, b).

gomparisons of chemical actinometry and spectral radiation
measurements have generally shown the methods to agree
well (Phillips and Simpson, 2005; Galbavy et al., 2007a, b).
The snowpack is a highly scattering medium with little ab-
orption in the visible and UV region, which makes it appear
brilliant white (Wiscombe and Warren, 1980; Grenfell et al.,
1981, Warren, 1982; Grenfell et al., 1994). The simplest
snowpack radiation transfer models only take into account

the scattering coefficiens, which is the probability of a pho-

S

Yton scattering per unit length, and the absorption coefficient,

, which is the probability of a photon being absorbed per
unit length. The scattering coefficierft, is a weak function
of wavelength and is most directly related to the snow grain
size, or equivalently the specific surface area (SSA), and the
interested reader is referred to the companion snow physics
review article (Domie et al., 2007). The absorption coeffi-

0.

cient is a strong function of wavelength, and also is very low
or pure ice in the visible and near ultraviolet, which makes
it very susceptible to large increases due to even trace im-
purities (Perovich and Govoni, 1991). Thus, in the UV and
visible regions, the absorption coefficient of snow is critically
dependent on impurity content and chemical nature.

When radiation enters the snowpack from above, the scat-

ring alters its path, converting direct into diffuse radia-

snow in the visible and UV regions. The scattering also en-
hances the pathlength of the photons in the snowpack and
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thus enhances the absorption probability and photochemicad Current understanding of snow photochemistry

rates for trace absorbers in the snow. The scattering and ab-

sorption combine nonlinearly to control the depth to which 4.1 Nitrogen oxides

photons, on average, penetrate into the snowpack. For dif-

fuse radiation and deep and uniform snowpack, the attenu4.1.1 Introduction to nitrogen oxides in Polar regions

ation of light follows the Bouger-Lambert law (Bohren and

Barkstrom, 1974), which states that the attenuation of lightHistorically, measurements of trace gas chemistry at high lat-

varies exponentially with depth. itudes targeted two distinct objectives. One was improved
) (e understanding of the chemistry of a clean background atmo-
1(d)=1(d")e " (d=d’) (2)  sphere; tropospheric concentrations of reactive trace gases

such as N@ (NO and NQ) were expected to be very low
(few parts per trillion by volume (pptv, pmol moh)) as in
the remote marine boundary layer (Logan, 1983). It was as-
sumed that the dominant sources of total reactive nitrogen
oxides (NQ) included downwelling from the stratosphere,
or long-range transport of N-species generated at lower lati-
e () =1/ag () (3) tu_des by, e.g._tropical lightning, anthropogenic _emissions or
biomass burning. A second motivator was to increase our
The e-folding depth of radiation in the UV-B to visible part apility to interpret ice core data: nitrate (NQis an easy ion
of the spectrum in snow is typically in the range from 5- to measure from ice cores, so its interpretation in terms of
25cm (Grenfell and Maykut, 1977; Grenfell et al., 1981; Changing atmospheric Composition (of NOr qu) would
King and Simpson, 2001; Simpson et al., 2002a; Fisher ebe a significant prize. The first polar NO measurements, sup-
al., 2005; Warren et al., 2006; Galbavy et al. 20073, b). Theported the a priori position. Early measurements at Barrow,
e-folding depth should be considered to be the characterisan Arctic coastal site, indicated very low NO mixing ratios
tic depth of illumination of the snowpack, and the majority during most periods analyzed; any enhanced mixing ratios
of photochemical reactions occur in this region (King and were attributed to local or regional combustion emissions
Simpson, 2001). (Honrath and Jaffe, 1992). On the Antarctic Peninsula NO
Penetration of light into snowpack, and thus the amount ofremained below the 5 pptv instrumental detection limit (Jef-
photochemistry within the snowpack, is highly dependent onferson et al., 1998); in retrospect the site was atypical for
the solar zenith angle (Warren, 1982; Simpson et al., 2002ajntarctica, being surrounded by rock and ocean.
Lee-Taylor and Madronich, 2002; Bourgeois et al., 2006). The discovery of elevated NOmixing ratios within the
This effect is caused by the fact that snow grains typically snowpack interstitial air at Summit, Greenland thus came as a
act to forward-scatter light that interacts with them. Thus, forsurprise (Honrath et al., 1999). Within the surface snowpack,
glancing incidence radiation that is characteristic of high SO-NOy was a factor of 3 to-10 times higher than in ambient
lar zenith angles, a greater fraction of light is scattered backgjr and was generally greater than ambient,N@oncen-
to space, the albedo is enhanced, and less light enters thgations of NG in interstitial air varied diurnally, indicating
snow to drive snowpack photochemistry. Light can impactthat a N-containing reservoir within the snow, most likely
snowpacks at low solar zenith angles near noon at mid- angjtrate (NQ}), was photolyzed to release N@ snowpack
low-latitude sites, for example at high altitude snowpacks onjnterstitial air and potentially to the overlying boundary layer.
mountains. In this low solar zenith angle case, many forwarda, proximate source of NQ helped to explain anomalous
scattering events are required to return a photon to space, ar]qiNO3 and NG, fluxes observed earlier at Summit (Dibb et
thus more of the illuminating light enters the snowpack andg| 1998) and confirmed that standard tropospheric chem-

drives photochemistry. Therefore, snowpack photochemistrystry could not be directly applied in the boundary layer
is highly dependent on the solar zenith angle and should bgpove sunlit snow.

very rapid for noon-time conditions at low-latitude snow-
fields and glaciers. 4.1.2 Field studies to identify/quantify processes

In this equation/ (d) is the irradiance at depith andag()

is the asymptotic flux extinction coefficient. The asymp-
totic flux extinction coefficient is the inverse of the e-folding
depth,e(1), which is the depth over which the intensity of
radiation decreases by a factor of e,

A number of campaigns were subsequently conducted to
look for snowpack NG production at other locations and
to test possible production processes (see Fig. 2 for location
of measurement sites mentioned in the text). These stud-
ies used surface snow in a variety of ways — in the natural
snowpack (Jacobi et al., 2004), as blocks (at Neumayer sta-
tion, Antarctica, Jones et al., 2000), piles (at Alert, Nunavut,
Canada, Beine et al., 2002a) and in flow-through chambers
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Fig. 2. Map of northern hemisphere (left) and southern hemisphere (right) study locations discussed herein.

ambient process occurs in most, if not all, sunlit snowpacks across the
ambient air < snowblock > air globe.

O NOx o) The atmospheric significance of the snow photochemistry
H NO2 O o phenomenon depends on the potential to emit the photoprod-
A NO ucts to the overlying boundary layer. A series of flux experi-
E ments was conducted at various sites in both polar regions, to
detect and quantify NOfluxes out of the snowpack (Jones et
al., 2001; Honrath et al., 2002; Beine et al., 2002b; Oncley et
O @) al., 2004). In each case, the snowpack was found to be emit-
H A ting NOy into the boundary layer. The flux varied throughout

N the day, depending on solar intensity, and also changes in tur-
TTT T[T T T T [P T [T T[T T [TTTTT bulence.

N
o

w
o

bt HE
> |

A

mixing ratio (pptv)
s S

o

10:00 11:00 12:00 13:00 14:00 15:00 16:00 Several of the early Arctic studies extended measurements
time to include HONO (see Fig. 4). Certain questions exist about
HONO measurements made in locations where mixing ratios
Fig. 3. Measurements of NO, NgJand NG in a snowblock shad-  are low (Kleffmann et al., 2006), with the data being higher
ing experiment at Neumayer Station, Antarctica (Jones et al., 2000)than can be reconciled with model H@nd NQ, chemistry
The first and final sections are measurements made in ambient ai(e.g. Bloss et al., 2006, and see also Sect. 4.2). The high
Middle sections are measurements made within the SnOWb'OCk, alratitude measurements of HONO discussed here should be

ternatively fully exposed to sunlight and fully shaded to eliminate interpreted with these potential caveats in mind.
any photochemical activity. Periods of shading are indicated by

cross-hatching. A photochemical source of HONO from snow was also

indicated, with elevated mixing ratios in snowpack intersti-

tial air that were reduced by shading (Beine et al., 2002a;

Dibb et al., 2002). The ratio of photochemical production
(at Summit, Greenland, Dibb et al., 2002); irradiated with of HONO compared to N@at Summit ranged from 1:1 to
either natural or artificial light. The experiments generally 1:3. Flux studies showed that HONO could also be released
involved shading the surface snow in such a way as to miniinto the overlying boundary layer (Zhou et al., 2001; Hon-
mize changes in temperature. They all came to the same furrath et al., 2002) (Fig. 4), with an emission ratio of NO
damental conclusion that the action of light on natural snow(mainly as NQ) to HONO of roughly 1:1 measured at Alert
caused the release of both NO and N@nd that this pro- (Beine et al., 2002a). Subsequent work at other sites (Ny-
duction occurred rapidly (Fig. 3). Interestingly, one study Alesund (Beine et al., 2003; Amoroso et al., 2005) and a
in Michigan, U.S., demonstrated that mid-latitude snow alsohigh altitude mid-latitude site (Beine et al., 2005)) found that
produced N@ (Honrath et al., 2000b). It seemed likely this in locations where snow was alkaline, no significant HONO
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Fig. 4. (a) Eddy diffusivity measurements arftd) calculated fluxes (flux-gradient approach) during 27—28 June at Summit, Greenland.
circles = NQ, triangles = HONO, squares = HNOsolid line = J(NQ). Positive values indicate an upward flux. (Reprinted from Honrath
et al., Vertical fluxes of N, HONO and HNQ@ above the snowpack at Summit, Greenland, Atmospheric Environment, 36, 2629-2640,
2002, with permission from Elsevier).

emissions were detected. Furthermore, at Browning Pasdic sites (Neumayer and Halley) have the lowestNiixing

Antarctica, where snow was acidic, surprisingly small emis-ratios of all the snow-covered sites, reaching maxima on the
sions of HONO were measured (Beine et al., 2006). Thisorder of only a few 10 s of pptv or less — nonetheless higher
demonstrates the sensitivity of N@missions to the chemi- than originally anticipated, and higher than can be achieved
cal composition of the snow, not just to physical parametersjn models that neglect snow photochemistry. Neumayer has

as is discussed in detail later (see Sect. 4.1.4). very low NO throughout the entire year; as expected NO© is
5 pptv (typical instrument detection limits) during the polar
4.1.3 Field observations of ambient nitrogen oxides night, with a signal appearing during October. The annual

maximum appears (in this year) in early December coinci-

Seasonal variation of NO and NQ: Figs. 5 and 6 pro- dent with that of UV-B radiation, rather than with UV-A,
vide an overview of ambient measurements of NO ang NO suggesting a source driven by photolysis of nitrate in snow
that have been made at high latitudes since the discovery ofather than photolysis of NO(Weller et al., 2002, see also
snowpack nitrogen photochemistry. The data are presente@iect. 3).
according to latitude and as daily averages, and, except for The real surprises regarding N-oxides in polar regions
South Pole, are plotted on the same scale. The original pahave come from South Pole where summertime mixing ra-
pers show details not apparent in Fig. 5. By considering bothtios of several 100s pptv of NO have been measured rou-
NO and NQ, it is possible to see whether differences in NO tinely during several campaigns (e.g. ISCAT 98 (Davis et al.,
are driven by emissions or by re-partitioning between NO2001); ISCAT 2000 (Slusher et al., 2002; Davis et al., 2004;
and NQ. Huey et al., 2004); ANTCI 2003 (Oltmans et al., 2007)). In

Mixing ratios of NQ, are similar at Summit and Ny- 2003, mixing ratios of NO reached an extraordinary 1 ppbv
Alesund, but considerably lower than at Poker Flat. At Alert (nmol mol1). These exceedingly high NGzoncentrations
NOy is highly variable, ranging froma:5 pptv to over 80 pptv, ~ are highly correlated with atmospheric stability and are be-
most likely driven by differing air mass origins, hence source lieved to result from snowpack emissions across the Antarc-
regions. The NO/N@partitioning also varies between sites. tic plateau which are concentrated within a very shallow
For example, NQat Poker Flat is clearly dominated by MO  boundary layer (Davis et al., 2004). Mixing ratios of NO
The data from NyAIesund reflect a more marine signature, at South Pole are high enough for local production of ozone
with generally low mixing ratios of NO, but relatively high (Crawford et al., 2001), a phenomenon normally associated
NO,. Mixing ratios of NO at Alert clearly follow the increas-  with polluted atmospheres. Indeed; Eénhancements of up
ing intensity of solar radiation through polar sunrise, andto 25 ppbv have been observed (Helmig et al., 2007a). In ad-
achieve higher mixing ratios during April than measured atdition to NG, very substantial concentrations (10’s pptv) of
Ny-Alesund. At Summit, mixing ratios of both NO and NO ~ gas phase HN@and HQNO; are measured at this site.
show little variability either within a year (spring to sum-  Diurnal variation in oxidized nitrogen compounds:
mer) or from year to year. Snowpack emissions are a signifiPhotochemistry occurring within snow and subsequent emis-
cant source of NQat this remote location on the Greenland sions from the snowpack also drive short timescale varia-
plateau (Honrath et al., 2002). The remote coastal Antarction in boundary layer composition. For example, during the
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Fig. 5. Overview of recent NO measurements from high latitude day of year according to season

sites. Refs: Alert 1998: Ridley et al., 2000; Alert 2000:Beine et

al., 2002a, 2002b; N)&Iesund 1994: Beine et al., 1997; Summit Fig. 6. Overview of recent NQ measurements from high latitude

“98: Ford et al., 2002; Summit “99: Ford et al., 2002, Yang et al., sites. References as for Fig. 5. South Pole/N@ based on calcu-

2002; Summit 2000: Yang et al., 2002; Summit 2003: Sjostedt etlated NG values and measured NO values.

al., 2006; Summit 2004: G. Huey, Pers. Comm; Poker Flat “95:

Beine et al., 1997; Neumayer “97: Jones et al., 1999; Neumayer

“99: Jacobi et al., 2000; Neumayer 99/2000: Weller et al., 2002;

Halley 2004: S. Bauguitte pers. comm..; South Pole “98: Davis et(Weller et al., 1999). The variation was found to be linked

al., 2001; South Pole 2000: Davis et al., 2004; South Pole 2003: Ghoth to exchanges at the snow surface and to changing sta-

Huey, personnel communication bility of the boundary layer (Weller et al., 1999). When the
boundary layer was shallow and highly stable, N@ixing
ratios were elevated, a relationship that has since also been

Polar Sunrise 1998 experiment at Alert, N€howed a clear observed at South Pole, where the highest NO levels were

diurnal variation whose amplitude increased as day lengthrecorded under calm and shallow boundary layer conditions.

increased (Ridley et al., 2000). Daytime emissions offNO Davis et al. (2001, 2004) suggested that the low boundary

from photolysis of snow NQ, with formation and fast rede- layer height was essential, but not sufficient, to explain the

position of HNG; explained this pattern. Surprisingly also, a huge enhancements of NO at South Pole compared to other

diurnal variation in NQ was measured at Neumayer (Fig. 7) sites.
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The diurnal variation in NQ at Neumayer is a composite 20
of diurnal variations in component species. Figure 7 shows 301
that the cycle of NO is clearly well offset from the maximum
in NO photolysis, evidence of a reduced role for this source N
at Neumayer. Some interesting new data from Summit show _
that the evolution of component species is not linear through- &
out the season from the early spring and into summer, as onez 2 |
might intuitively expect (J. Dibb, personal communication). =
Summit early spring has large amplitude diurnal variation
in NO; no equivalent signal for HONO is evident. By late
spring, mixing ratios of HONO have increased and generally
track NO and solar elevation. Summertime data collected At ‘ ‘ ‘ ‘ 0
during the previous year at Summit show NO and HONO 00:00:00  04:00:00  08:00:00  12:00:00  16:00:00  20:00:00  00:00:00
varying in tandem. The data suggest that in the early spring, time
different mechanisms are determining the mixing ratios of
NO and HONO, but by the summer, the mixing ratios are be-
ing driven by the same (or strongly associated) processes.
is known that HONO evolution out of the snowpack is very
different from that of NO, and HONO decomposition leads
to NO generation, issues that are further explored below.

15 4

NO (pptv) and J(NO,) (10° ™)

Fig. 7. Diurnal variation in N@, NO and J-NQ measured at Neu-
[paver Station, Antarctica, 1997, (Weller et al., 1999).

of NO3 on ice occurs in the QLL rather than in the bulk ice
(Chu and Anastasio, 2003).
Nitrate photolysis in the aqueous phase at wavelengths
4.1.4 Mechanisms for the production of NO, N@nd  above 290nm is classically considered to proceed via two
HONO channels:

The mechanisms driving the photochemical production ofNO3 +h—NO; +0 Q)

NOyx and HONO in snow have been investigated in controlled _ 3

studies, mainly in the laboratory but also in the field. For theNOz + hv—NO; + OC°P) ®)
laboratory studies, a critical point is whether the distribution . .

of NOj3 in the artificially-generated snow/ice matches that of The overall quan:c)um yields for these two channels is roughly
natural snow, where NDis probably mostly very close to 0.01, i.e. only 1% of the photons absqrbed lead to_prod-
the ice crystal surface. Another factor to bear in mind is that!Cts: It appears from two laboratory ;tud|es, one studying the
reactant mixing ratios in some laboratory studies are so mucfqueous phase (Warngck and Wurzinger, 1988) and the other
higher than in nature that the relevance of proposed mechd<® surfaces (Dubowski et al., 2001), that channel 4 exc_eeds
nisms in real snow may be questioned. One feature that aﬁ;hannel 5 by roughly a factor of 8 to 9. A further possible

the studies reported thus far have in common, however, is té:han_nel inogﬁ(;ysfm reSL:]Itshin production_o]‘dthe gesr;)xyni-
suggest that the reactions occur in the QLL or “micropock—trlte on, - Although the quantum yield at nm

ets” within the ice structure, as discussed in some detail in® around 01 thgre IS gopd gwdenc_e that the quantum y.'e.ld
Sect. 2 of this paper. decreases significantly with increasing wavelength, and it is

. . L unclear whether this channel exists for 280 nm (see, e.g.
The initial studies addressed Whether l_“mp“”“es N~ Mack and Bolton, 1999). Even if it does exist, any peroxyni-
snow really could produce NOwhen irradiated. Honrath

o ) ‘ trite formed on snow may still not be significant; given that
et al. (2000a) made artificial snow by spraying a solution of 1, pKa for HOONO is 6.5. Thus any OONdormed will
deionized water doped with NaN@nto liquid nitrogen. The o likely be rapidly protonated to HOONO, whose major

rapidly frozen “snow” was irradiated and NQvas indeed fate appears to be very rapid decay to N@~15s), so that
detected. Submillimeter ice layers doped with N@mitted most OONO- probably returns back to HN.O

NO when continuously irradiated at~300 nm (Dubowski Channel 5 can be followed by the photolysis of nitrite
etal., 2001). Laboratory experiments using blocks of Antarc-(Nof) via:

tic snow found that production of NO and N@eased at 2

A>345nm (Cotter et al., 2003). The wavelength dependenceNoz— +hv—>NO+ O~ (6)

of NOy production in these block studies is consistent with

absorption by N@ in aqueous solution (maximum absorp- such that photolysis of NDcan generate NO as a secondary

tion around 300nm and none above 345nm). A study tOproduct. Alternatively, NG can react with oxidants such as
quantify the temperature-dependence of the;Ndantum  570ne or OH:

yield found that the same temperature dependence described
results both in solution and in ice, suggesting that photolysisNO, + OH — NO; + OH™ )
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which provides another route for the formation of NQa- in the Arctic snowpack, as discussed in Sect. 4.4.1. Of note
cobi and Hilker, 2007; Chu and Anastasio, 2007). Near mid-also is that both Reactions (4) and (6) produce, @hich
day in summer the calculated lifetime of J®n polar sur-  will be rapidly protonated to form OH, which may then react
face snow is quite short (on the order of several hours), resultwith NO to produce HONO:
ing in low estimated snow grain concentrations on the order_ _ .
of 10 nmol kg ! or less (Chu and Anastasio, 2007). +H" — OH (10)

The dominant product from ND photolysis is therefore NO + OH — HONO (11)
gaseous N@ a result that is supported by many field ob-
servations which have found N(roduction to noticeably  However, this pathway is unlikely to be a significant source
exceed that of NO (e.g. Jones et al., 2000; Dibb et al., 2002)of HONO since snow grain concentrations of both NO and
The experiments of Dubowski et al. (2001) suggest, howeverOH will be quite small. An extensive discussion of HONO
that not all of the NQ@ is released from the snow, rather only formation mechanisms is presented by Cotter et al. (2003)
NO2 produced near the ice crystal-air interface is releasedand Jacobi and Hilker (2007). Of particular relevance for the
to the firn air, possibly then reaching the overlying bound- gverall discussion here, Jacobi and Hilker (2007) point out
ary layer. The rest undergoes secondary chemistry (dark anghat, under natural conditions, the photolysis rates of N©
photochemistry), a result supported by Boxe et al. (2005). snow are relatively small. As a result, the production rates of

Various mechanisms have been proposed for HONO forthe short-lived compounds (such as NO) are also very small,
mation. The pH of melted present day fresh snow is acidicwhich reduces the likelihood of the possible side and cross-
except in regions with strong inputs of dust or sea salt. Ifreactions that can be detected under laboratory conditions.
we assume that acid/base equilibria known for liquid water Temperature, pH and ionic content of natural snow
can be applied to snow (a hypothesis that is somewhat unwill also affect many reactions, and additionally determine
certain), it follows that NG in snow can be protonated to whether products are released. Jacobi and Hilker (2007) sug-
produce HONO which will be released into the gas phase: gest that direct formation of HONO is highly dependent on
the pH of the QLL, with effectively no production at pth
since the pKa of HONO is 2.8 in solution (Riordan et al.,
Under sufficiently acidic conditions, the nitroacidium ion, 1995). This is consistent with the field measurements of

H,ONO" (pK,=1.7) may also form (Hellebust et al., 2007), Beine et al. (2003, 2005) apd Amproso et al. (2005) who
which could then react further to produce HONO. found no HONO production in alkaline snow.

In addition to Reaction (5), another proposed source of - :
NO; involves the hydrolysis of photo-generated N@hou 4.1.5 Establishing a modeling framework

etal, 2001; Boxe et al., 2005), via: Irrespective of the mechanism, laboratory and field experi-
_ _ T ments indicate that NOproduction in snow approximates
2NOz +H20 — NO; +NOz +2H ©) that expected from aqueous photolysis of N@xtrapolated
These authors also suggest the heterogenous reaction NOt@ subfreezing temperatures (Wolff et al., 2002; Chu and
NO, + H,O — 2 HONO might be significant. McCabe et Anastasio 2003; Jacobi and Hilker, 2006). The production
al. (2005) suggest extensive cage recombination of primaryate should be proportional to the concentration of “avail-
photofragments with the water solvent in the photolysis ofable” NG in snow and the photolysis frequency. The emis-
Nog, consistent with the proposed mechanisms. However§i0n of products will be influenced by the microstructural
the concentrations of reactants needed for these reactions ak@cation of NG;, which is influenced by its chemical form
considerably higher than are found in nature so these proacid or salt) (Beine et al., 2003, 2006). For snow Ni@-
cesses are probably not very likely. ventories dominated by HNOthe NG; must rapidly reach
Other mechanisms have also been suggested to produdke surface of the snow crystal, either through initial depo-
HONO within snow interstitial air. One example is the reac- sition to the surface or by relatively fast diffusion (Thib-
tion of NO; (produced from NQ photolysis) with specific  ert and Domig, 1998), since a very high proportion of it
photosensitized organics (George et al., 2005; Stemmler etan be lost through physical processes such as volatilization
al., 2006). It is not known whether such organic molecules(Rothlisberger et al., 2000). This might not be the case for
are sufficiently widely found in surface snow to be influ- NO3 trapped as (e.g. Naor C&*) salts. Thisissue is impor-
ential. However, such reactions have been invoked to ex{ant for sites near the ocean or dust sources, and in other cli-
plain variations in HONO productions from snow in coastal mate regimes such as those prevailing during the last glacial
Antarctica (Beine et al., 2006), where high concentrationsperiod.
of impurities were found in snow, and where the proxim-  The photolysis frequency can be calculated (Wolff et al.,
ity of the Ross sea polynya could have supplied appreciabl€002) from the downwelling spectral irradiance at the snow
amounts of various organic molecules. Certainly humic sub-surface, the properties of the snow that determine the actinic
stances and other plant degradation material are widely founflux as a function of depth and wavelength, the absorption

NO, + H* — HONO 8)
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cross-section of aqueous nitrate (Mack and Bolton, 1999),
and the quantum yield, which has recently been measured ir
ice (Chu and Anastasio, 2003) (see Sect. 3 for further de-
tails.) Snow temperature is required because the quanturn
yield is temperature dependent (Chu and Anastasio, 2003)
As an indication of the importance of different factors in this
calculation, the calculated Noroduction (other factors be-
ing unchanged) will increase by around a factor of 6 between
SZA of 8¢ and 60, emphasizing the potential importance
of low latitude emissions. The production rate increases by
around 1% per 100 m of altitude, and by around 25% at
an ozone column of 200 DU compared to 300DU (i.e. Un-gjg g Estimates of snow nitrate concentrationsy(kg™1) for
der stratospheric ozone depletion conditions). The quantumjifferent snow-covered regions. See original references for de-
yield and production rate will about double at 273 K com- tajls. Antarctica and sea ice zone (Mulvaney and Wolff, 1994)
pared to 253 K. Of course, if the light penetration is doubled,(much higher values may be found in the very surface layer in
then production rates will also double. central Antarctic (Rthlisberger et al., 2000) and in coastal re-
The largest uncertainty is caused by variability in the snowgions, where sea salt and mineral aerosols efficiently scavenge nitric
NO; concentration. The map (Fig. 8) shows our estimateacid (Beine et al., 2006)); Greenland and adjacent Arctic islands
of concentrations for important snow-covered regions; whergRothlisberger et al., 2002; Koerner et al., 1999); North America:
we are aware of a strong seasonality in concentration we usiaPs at National Atmospheric Deposition Program (NADHp

summer values because that is when photolvsis occurs nadp.sws.uiuc.edu/isopleths/annualmap$; #dps (summer con-
P y ’ centrations) (Preunkert et al., 2003); rest of Europe: EME(

/Iwww.nilu.no/projects/ccc/emepdata.hjpilimalayas (Hou et al.,
1999); other regions by analogy. The uncertainty on these values
due to extrapolation from specific sites is at the very least a factor
2, and this range has to be explored in sensitivity studies.

4.1.6 Sources of snowpack nitrate

What do isotopic studies tell us of snowpack NQ@
sources? The isotopic composition of snowpack NO
should reveal whether photochemical loss is important in
the overall budget of snowpack NO Freyer et al. (1996)
showed that nitrogen isotope composition in Antarctic;/NO
was closely related to snow accumulation rate, with lower

N at higher accumulation sites. This result was Iateral_, 2002) with tropospheri¢’O signature and redeposited.

confirmed for Greenland ice (Hastings et al., 2005). For . y
high accumulation sites, Hastings et al. (2004) concludedThe recycled (photochemical) NOwas suggested to domi

that 15N and 80 of NO; are related to atmospheric nz_ate preserved N:chroughout the 10-year re_cord in thg pit,
sources/processes, in particular N@xidation chemistry, With @ larger fraction of recycled NDseen in years with
rather than post depositional effects, a result also suggestedf€ater @ depletion, hence enhanced UV flux in spring and
by other studies (Alexander et al., 2004; Heaton et al, €arly summer.

2004). For low accumulation sites such as Dome C, post- What do NOy budget studies tell us of snowpack N@
depositional processes profoundly modify the concentratiorSources

and isotopic composition of snow NOFreyer et al., 1996; Various studies have addressed the budget of Atthigh
Blunier et al., 2005). Comparison with the fractionation con- latitudes. Such studies by definition include numerous mea-
stant obtained in laboratory photolysis experiments (Bluniersurements, so have been conducted with varying degrees of
etal., 2005) appears to rule out photolysis in the surface snowoverage. Surface snow nitrate exhibits a summertime peak;
as the main process leading to changes iy N&dtopic com-  so, if deposition occurs close to the ground (as opposed to
position, in agreement with calculations that found photoly- being scavenged by snow aloft and then deposited), there
sis could account for up to just 40% (usually less) of observedshould be a link to the N{dcomponent species listed in Ta-
losses of N@ from Antarctic snow (Wolff et al., 2002). ble 1. Uptake would be controlled both by the mixing ratio
It seems that photochemical production of Nfbom snow  and the air/snow partitioning of the N@onstituent, as de-
NOj is more important for boundary layer chemistry than it scribed in more detail below. There is no consistent story of
is for the budget of N@ in polar snow and ice. Interestingly, any one NQ component dominating over the others across
in a recent field study combining the collection of year-round the polar regions where these measurements have been made.
aerosols, surface snow, and snow pit samples at South Pole, Recent measurements from Halley during the CHABLIS
McCabe et al. (2007) found strong isotopic evidence for acampaign show an interesting contrast between summertime
dominant stratospheric source of §@ winter aerosol and  and wintertime N@ (Jones et al., 2007). During summer
surface snow, but a much stronger tropospheric signature iiDecember), the distribution of inorganic (68%) vs organic

NOj in the snowpack. They hypothesized that photolysis of
the stratospheric NDproduced NQ which reformed HNQ
(and we note would also likely produce HRO,, Slusher et
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(32%) NG, components is quite different than during winter this potential is realized depends on the fate of the snow-
(July) (13% inorganic vs 87% organic). The seasonal variafpack NQ. In order for NG produced by photochemistry
tion of NO; concentration in surface snow closely tracks thein snow to impact the wider troposphere, it must first es-
sum of (HONO + HNQ@ + p-NQ3) in the air and bears no cape the snowpack and then escape the near-snow boundary
resemblance to the behavior of organic NQVhich drives  layer. This involves competition between vertical mixing,
what, however, is not yet fully resolved. Some light may be which is often quite weak over snow covered surfaces (e.g.
shed by recent observations of oxygen and nitrogen isotopidlunger etal., 1999; Honrath et al., 2002; Oncley et al., 2004;
composition of inorganic aerosol nitrate (p-§@lus a sig-  Cohen et al., 2007), and reactions between,N@d HQ
nificant fraction of the inorganic acids) collected on filters forming HNO; and HQNO; which redeposit to the snow
(Savarino et al., 2006). Like the oxygen isotopes inj]NO fairly rapidly. There is abundant evidence supporting signif-
at South Pole (McCabe et al., 2007) discussed earlier, thesigant production and rapid deposition of both acids at South
data suggest late winter deposition of N@®om polar strato- Pole, with lifetimes against deposition on the order of a few
spheric cloud (PSC) subsidence (in agreement with earliehours (Chen et al., 2001; Slusher et al., 2002; Huey et al.,
work by Wagenbach et al., 1998), but a late spring concentra2004; Dibb et al., 2004). In the Arctic little is known about
tion peak in recycled inorganic NDspecies driven by snow- HO2NOp, but it is equally clear that a significant fraction of

pack emission of NQinland (upwind). emitted NQ reforms HNQ very close to the snow surface,
and much of this is redeposited (Dibb et al., 1998; Munger
4.1.7 Air-ice partitioning of relevant NOspecies et al., 1999; Ridley et al., 2000). Of course, any HN&hd

HO>NO, deposited onto the surface can be photolyzed again,
Assuming photoproducts are created at the ice surface, or isetting up a cycle. The key question is whether this cycle is
the QLL at the surface, and not in a cage within the ice strucclosed, or leaks some of the N@mitted by the snow to
ture, their release to the firn air depends mainly on their affin-higher levels in the atmosphere (note that thg,d@n be ex-
ity for the ice surface. Much of the published data refer to ported as NQ or any of the three acids; HONO, HEO,,
bulk aqueous solutions, with gas-liquid equilibria describedHNO3, with the first two being rapidly photolyzed in turn to
by Henry's Law. Both NO and N@are only weakly solu- release N@ again). It has been suggested that even if the
ble in water and interact weakly with ice (e.g. Cheung et al.,NOx to acid to snow to N cycle is nearly closed, advec-
2000; Bartels-Rausch et al., 2002). It is likely that they will tive transport during the few hours before the acids redeposit
be lost to firn air before they undergo reaction on the ice surcould export NQ emitted from snow off the east Antarctic
face orin the QLL, as discussed by Jacobi and Hilker (2007) plateau in the drainage flow (Davis et al., 2006).
The acidic gases, HN$and HQNO», and to a lesser ex- Honrath et al. (2002) found that upward fluxes of N&us
tent HONO, have been shown to be much more strongly adHONO were larger than the downward fluxes of Hi&t
sorbed on ice surfaces (Bartels-Rausch et al., 2002; HuthSummit during summer 2000, suggesting that there is net ex-
welker et al., 2006), so that molecules formed in, or advectedport of NO, emitted by snow to the free troposphere over
to, the firn layer can be adsorbed on ice. Partitioning of theGreenland. On the other hand, investigation of the N and O
acids between air, ice surface (and/or QLL), and ice matrixisotopes of NQ in snow at Summit found diurnal variations
is a coupled process of adsorption and bulk diffusion, as deconsistent with daytime losses due to photolysis, but redepo-
scribed in more detail in the accompanying snow physics pasition of NQ; (as HNQ) at night restored the isotopic ratios
per (Domire et al., 2007). These processes depend stronglyHastings et al., 2004). Over seasonal and annual timescales
on the presence of other acids, since these affect whether tltbe net impact of snow photochemistry on the isotopic com-
partitioning species is present as an acidic molecule or amposition of NG; at Summit was negligible, suggesting that
ion (e.g., HNQ or NO3). Finally we note that Henry’s Law  the cycling described above has to be nearly closed. At South
coefficients for PAN and methyl nitrate, which constitute an Pole it appears quite certain that N@om the snow causes
important part of the NQfamily at some locations and times enhanced @ production in the lower several hundred me-
of the year, are only an order of magnitude smaller than forters of the atmosphere (Crawford et al., 2001; Helmig et al.,
HONO. Some net uptake for these molecules by snow grain®007a), suggesting that there has to be some loss gf NO
might therefore be expected (Ford et al., 2002; Dassau et alypward out of the boundary layer. In contrast to the Green-
2004). land results, isotopic studies in the Antarctic show that post

depositional effects strongly influence the isotopic signature
4.1.8 Fate of NQ@ released to snowpack interstitial of the remaining snow nitrate (Blunier et al., 2005; McCabe

air/boundary layer et al. 2007) as well as the isotopic composition of the filter-

able NG; collected at coastal sites (Wagenbach et al., 1998;
The production of NQ within snowpack interstitial air has Savarino et al., 2006). Observed O and N isotopic fractiona-
the potential to influence the chemistry of the overlying at- tions provide strong support for extensive recycling, and ap-
mosphere and also concentrations of N@nd other com-  pear to be compatible with export of snowpack,Ném the
pounds) in surface snow and glacial ice. The extent to whichcentral plateau to coastal sites.
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Table 1. Summary of boundary layer NOcomponent measurements made during various summertime campaigns (and spring at Ny-
Alesund).

South Pole Neumayer 1997 Neumayer 1999 Halley Summit Summit Albsand

(Field studies in 1998, (Jones et al., 1999) (Jacobi et al., 2000) Dec 2005 1998 1999 1997/98

2000, 2003) (Jones et al., 2007) (Honrath etal., 1999;) (Dibb etal., 2002;) (Beine etal., 2001)
Davis et al. 2001, 2004, 2007 (Ford et al., 2002) (Ford et al., 2002;)

Huey et al. 2004 (Dibb, personal (Yang et al., 2002)

Slusher et al. 2002 communication)

Liao et al. 2006

Arimoto et al. 2001, 2004, 2007
Dibb et al. 2004,

Roberts et al. ,

(personal communication, 2007)
Swanson et al. 2004

NO 143+128 a5 1.262.2 5.3:0.5 247
) @ (5.0) [8.3-0.8] ~3.0
NO, 3.243.7 2.9:0.4 327 19.53
(2.8) (3.0) [7.9555.4]
NOx 8.3:0.8 36.2:13.6 38.5:16.8
(8.2) (31.6) (33.3)
HONO 5.3:2 5% 5.3+0.1 42.2:16.7 7.0:13.1 8.43
30+4P (42.1) )
HO,NO,  39+1
HNO3 86:78° 542 4.0+2.0 5.7:0.2 44.3:59.8 16.9:24.4 8.74
23450 (5) (3.6) (9.4) (7.4)
p-NO3 95:£60 ng/n? 443 42424 3.1£0.2 15.56
(4 (3.8)
PAN 15.5+4.3 13.1£7.3 7.2£0.3 52.9-18.2 7325 53.35
(11.5) (51.9) (70.9) (includes ROND
MeONO,  6:+4¢ 10+2f 9.5+1.4 4.4:0.1 6.12.0
EtONO,  1.5+1 3+1f 2.3+05 1.0£0.1 7.6:2.3
1-PrONG, 1.140.8 0.10.01 1.20.7
2-PrONG, 1.240.5 0.4:0.06 5.5:2.0

Data are expressed as meRiSD, (median) or [range] unless stated otherwise. All data are expressed in parts per trillion by volume (pptv).

8 aser Induced Fluorescence

bMist Chamber

CChemical lonization Mass Spectrometry

dce

€Grab samples/ GC analyses

fThese data are revised estimates of 1997 measurements following a re-calibration that showed the original data were overestimated by ¢
factor 3 (Weller et al., 2002).

4.2 Oxidants Using the selected ion chemical ionization mass spectrom-
etry (SICIMS) technique, 24 h and daytime average values
4.2.1 Expectations in the absence of snow-atmospheréor OH were 1.1 10° and 3.0<10° molecule cnm®, respec-
fluxes tively (Jefferson et al., 1998). These very low values were
attributed to the high average solar zenith angle, extensive
In the troposphere the most important oxidant is the hydroxylicloud cover, and low levels of NO (1-5 pptv). Comparison
radical (OH). The main source of OH is the reaction of@)  with models was hampered by uncertainty in the levels of
+ H»0, with photolysis of @ producing OtD). As noted in ~ NO, which were below or similar to the instrumental de-
Sect. 2, the global distribution of UV-B radiation results in tection limit of 5pptv. However, by assuming NO levels
greatly reduced rates ofsphotolysis at high latitudes com- near this detection limit, modeled and observed OH agreed
pared to the tropics. Combining this with a similarly steep to within ~ 30%, with OH production dominated by the re-
gradient in the abundance of water vapor between the tropicgction OfD) + H,0, and loss dominated by reaction with
and polar regions leads to the expectation that the productio®O and CH. The results are those expected for an unper-
and abundance of OH in the remote troposphere should b&irbed remote pristine environment at high latitudes, and can
greatest in the tropics and least in the polar regions be used as a base case in the absence of snowpack emissions.
This view was consistent with the first Antarctic OH ob-
servations conducted during late February 1994 on the coa.2.2  Recent findings at snow-covered sites: South Pole
at Palmer Station (on Anvers Island off the Antarctic Penin-
sula) as part of the Sulfur Chemistry in the Antarctic Tropo- Surprisingly, average OH values 0k20® molecule cnr3
sphere Experiment (SCATE) (Berresheim and Eisele, 1998)were measured at South Pole (November-December 1998)
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Table 2. Mean values of selected parameters measured at South Pole during the 3 recent photochemistry campaigns.

ISCAT 98 ISCAT 00 ANTCI 03
Parameter NOV DEC NOV DEC NOV DEC
2m Temp°C —31.4:4.6 —29.0:2.1 —29.8:2.7 —27.415 —34.5:5.0 —24.12.1
Dewpoint°C —34.5+:4.9 —31.9:2.1 -33.3:2.9 -30.8:1.6 -38.0:4.9 —26.7:2.2
W Speed mst 6.3+2.4 3.5:1.2 6.11.8 4.2:1.6 4.9:1.3 5.2:2.0
Total O3 DU 174424 264:19 282423 30116 230k25 28723
JO'D) 10651 8.6+1.3 5.8:1.8 7.6£1.2 12.202.2 11.5:1.9
JINOy) 1072571 0.95+0.01 0.82:0.15 1.03:0.12 1.30.1 1.200.1
NO pptv 17127 239110 9939 97481 441225 143:128
O3 ppbv 355 30+7 3243 32+6 33t3 33t6
CO ppbv 45:3 3743 4042 35+3 47+1 4946
CoHg pptv 485+116 393:173 21310 156+26 200k11 17120
CH,0 pptv 103+33 7124
H>Oopptv 268+111 27867
OH 1¢® molecule cn13 1.8£0.9 2.5:0.6 2.4£1.0 1.5:0.6 1.7:0.9
HO,+RO, 107 molecule cn3 8.3+2.4
HONO (MC) pptv 2743 72421 30+4
HONO (LIF) pptv 32+11 7.4:4.2 5.3:25
HNO3 (MC) pptv 24+11 42+15 23t5
HNO; (CIMS) pptv 19£11 10753 86+78
HO,NO, pptv 23+11 47+10 39+1
5x10° 600 pptv, provided a strong secondary source of OH (Chen et
* . .
TScAT 1998 al., 2001), via the reaction HOr NO — OH + NO,.

OH (molec. cm's)

- ISCAT 2000
+ ANTCI 2003

Elevated OH and NO were again observed during the

ISCAT 2000 and ANTCI 2003 campaigns, which also oc-

curred in November and December.

Measurements from

these three field campaigns yield an overall average OH of
2.0(0.9)x10° molecule cn® and a median of 1:910°
molecule cnt® (Mauldin et al., 2001, 2004) (Table 2). The
average NO mixing ratio is 182(175) pptv and the median

value is 122 pptv. While NO values have varied consider-
B ably between years (Table 2, Fig. 5), periods with NO levels
800 1000 of several hundred pptv were observed in all years. Average
HO,+RO, concentrations measured during more limited pe-
riods in 2000 were 8.34(2.4)x 10" molecule cm3, with a
median of 8.k 10" molecule cn?.

Figure 9 displays the relationship between observed OH
during the Investigation of Sulfur Chemistry in the Antarc- and NO for all South Pole observations. Peaks in observed
tic Troposphere (ISCAT) campaign (Mauldin et al., 2001). OH occur between 70 and 300 pptv of NO. These peak OH
More than an order of magnitude greater than SCATE ob-values, however, vary by a factor of 3. A similar OH de-
servations, and equivalent to tropical values, the high OHpendence on NO was also seen in the first modeling study
levels at South Pole mostly result from unexpectedly highof ISCAT 1998 data by Chen et al. (2001). The rapid in-
NO levels, leading to an intensely oxidizing environment. crease in OH with increasing NO levels on the left of the peak
Diurnal average values for key photolysis frequencies werds due to increasing HOto OH conversion by NO, shift-
comparable to equatorial values due to the high albeddng the HG partitioning in favor of OH. Some contribution
(~0.8) and 24 h sunlight conditions (Lefer et al., 2001). In also comes from enhanced K@roduction from CH oxi-
fact, 24 h average values for J(NQ(1.1x102s 1) were 3  dation. The reduction in OH concentration with increasingly
times greater than for equatorial conditions while J@j high NO levels beyond the peak can mainly be attributed to
(9.0x10%s~1) was roughly equivalent. Given the dry con- HOy loss via formation of HN@ and HGNO, followed by
ditions at South Pole, which reduce the conversion efficiencydeposition onto the snow surface. While models including
of O(*D) from Oz photolysis into OH, primary production only gas phase chemistry underpredict observed OH, inclu-
from Oz photolysis could not explain the observed OH, but sion of HQ, precursors emitted from the snow during ISCAT
ambient NO levels of 225 pptv (median) ranging as high as2000 improved model predictions and confirmed that snow

NO (pptv)

Fig. 9. OH versus NO at South Pole.
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emissions of HO, and CHO are the dominant HOsource  4.2.3 Recent findings at snow-covered sites: Halley,
at South Pole (Chen et al., 2004; Hutterli et al., 2004). Mist Antarctica
chamber measurements of HON®3J0 pptv average) (Dibb
et al., 2004), another important K@recursor emitted from The Chemistry of the Antarctic Boundary Layer and the In-
the snow, were less encouraging. When these HONO meaeraction with Snow (CHABLIS) field campaign took place
surements were used in model calculations, predicted valuegn the floating Brunt Ice Shelf at Halley and consisted of a
of boundary layer OH were 2-5 times greater than obseryear-round study (January 2004—February 2005) and a sum-
vations. These HONO results were also incompatible withmer intensive (January—February 2005) (Jones et al., 2005).
ambient NQ concentrations given the abundance and veryCHABLIS was the first intensive chemistry field campaign
short lifetime of HONO (Chen et al., 2004). As for other above the snowpack in coastal Antarctica. At the time of
polar sites, measurements of HONO are difficult to reconcilewriting the work is very recent, with final analysis and mod-
with photochemical observations of H@nd NQ,, raising eling still in progress, hence our discussion is brief and qual-
guestions about the specificity of the mist chamber measureitative, with most references from published conference pro-
ments (Sjostedt et al., 2005). ceedings. Peak (daily maxima) OH and $©oncentra-
Two important and observable consequences result frontions (measured using laser-induced fluorescence, Heard and
the intense photochemistry at South Pole. One is the poterPilling, 2003) varied between 0.9-3%Q0° and 2.5-9.% 10’
tial for large G production rates. Modeling studies of ISCAT molecule cnm3 (1-4 ppt), respectively (Bloss et al., 2007).
1998 and 2000 showed a net productiom&—4 ppbv/day. The concentrations of both species declined as the cam-
These prompted a reevaluation of historical ozone observapaign progressed. Despite being at higher latitude, the peak
tions both at the surface and from ozonesondes at South Pol@H concentrations for Halley are considerably higheB+£
which revealed strong evidence for a surface source of ozond times) than observed during SCATE at the Palmer station
during Austral spring/summer (Crawford et al., 2001; Olt- at a similar time (February) (Jefferson et, #998), but are
mans et al., 2007). Tethered balloon observations durindower than observed at South Pole (in November/December).
ANTCI 2003 provided the strongest evidence yet for near-Airmass back trajectories indicated flow mainly from the
surface ozone production with frequent observations of enAntarctic continent, although on occasion the origin was the
hanced ozone (20-25 ppbv) over depths of 200+ m (HelmigSouthern Ocean. The site experienced 24 h daylight during
et al.,, 2007a). @ measurements during the US ITASE the intensive period, however JD) was a factor of 40—
traverse between Byrd and South Pole in summer 2002/0%0 lower during the “night” compared with the maximum
showed up to 2-fold increases of near-surface mixing ratios aat solar noon. The diurnal profiles for both OH and HO
sampling locations above 2000 m elevation and indicated thaare highly distinct, following closely, but not exactly, that
enhanced @production is spatially limited to the Antarctic of J(O'D). “Night-time” OH was observed above the detec-
plateau region (Frey et al., 2005). However, ozone can bdion limit (1.5x10° molecule cnT®) on several occasions,
transported long distances and analysis of surface ozone daia the range<1.5-2x 10° molecule cm3, and HQ was al-
from six Antarctic stations gave indications that sites on theways seen “at night” in the range 0.2—%.B0’ molecule
exterior of the Antarctic continent are, at least occasionally,cm*3. For the period 2 h either side of local noon, the ra-
influenced by transport of ozone-enriched air from the in-tio [HO2]/[OH] was in the range 32—-138, and for the entire
terior of Antarctica (Helmig et al., 2007b). A consequence campaign the average 24 h OH and Hncentrations were
is the hypothesized presence of an oxidizing canopy of OH3.9x 10° and 2.0<10” molecule cnm3, respectively.
enshrouding the Antarctic plateau (Davis et al., 2004). Ob- The modeling phase of CHABLIS is at an early stage, and
servations of NO and N@from a Twin Otter aircraft dur-  thus we will only discuss here the general factors that control
ing ANTCI 2003 revealed elevated NO over depths of 500 mHO at Halley to contrast with other Antarctic regions such
and distances of 400 km from South Pole, thus, similar toas South Pole. Typical noon-time concentrations of some of
the conclusions derived from the ozone observations by Freyhe sources and sinks of H®@bserved during the summer
et al. (2005) demonstrating that the photochemical condi-CHABLIS intensive are @ (10-15 ppbv), NQ (5-25 pptv),
tions at South Pole may extend across a large portion of th€O (35-40 ppbv), and CHO (130 pptv). The NQ levels
Antarctic plateau. are considerably higher than at Palmer station (Jefferson et
al.,1998) because of snowpack emissions initiated via nitrate
ion photolysis (Sect. 4.1), but considerably lower than ob-
served at South Pole due in part to the much deeper bound-
ary layer at Halley. Assuming photolysis of ozone was the
only OH source, and reaction with CO and £Hs only
sinks, calculated OH was significantly less than the measured
value, even when the upwelling component of actinic flux
(with a snow albedo of 0.85) was added to JpQ This dis-
crepancy suggests other sources of OH are required, which
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Table 3. Median noontime (10:00-15:00 Western Greenland Standard Time) boundary layer values from Summit 2003 and 2004 campaigns.

Species Early Spring 2004  Late Spring 2004  Summer 2003
1-10 April 2004 20-30 April 2004  10-30 July 2003

meas. H@+RO, molecule cnT3  6.0x 107 1.9x108 4.1x10°

pred. HQ+ROE molecule cm3  6.3x 10’ 2.0x10° 4.4x10°

measured OH molecule crd 4.1x10° 1.9x10° 8.4x 100

predicted OH molecule crv3 4.0x10° 1.5x10° 3.8x10°

NO (pptv) 18 19 18

NOS(pptv) 14 18 23

H,05(pptv) 191 622 1800

CH,0 (pptv) 45 111 181

HONO (pptv) 6 13 13

@Denotes predictions from a photochemical model constrained to measured parameters (N@Q§ CH,O, j values, etc.) except for
nitrous acid.

bN02 levels were calculated assuming steady state constrained to measured values af plt@ysis frequencies, and peroxy radicals.

may include photolysis of snowpack emissions (e.g. HONO,ysis for this period indicated that marine boundary layer air
H>02 and CHO), HG,+NO reaction, or halogen processes was rapidly transported (1-2 days) to Summit, suggesting
(see Sect. 4.3). that halogen chemistry can influence observed chemical con-
ditions (Sjostedt et al., 2007). This point is further discussed
4.2.4 Recent findings at snow-covered sites: Summitin Sect. 4.3 below.
Greenland The spring 2004 campaign offered an opportunity to ob-
serve HQ chemistry during a period of rapidly increas-
Snowpack emissions of G, H,Oz, and HONO (Dibb et  ing temperatures and photolysis frequencies (Sjostedt et al.,
al., 1998, 2002; Honrath et al., 1999; 2002; Hutterli et al., 2005). OH and H@+RO; levels were observed to increase
1999, 2001; Jacobi et al., 2002; Yang et al., 2002) at Sumpy approximately a factor of five during the month of April.
mit, Greenland are expected to enhance,H&els at this  The observations of OH and H®RO, were both found to
site. In order to directly test the impact of snow emissionspe in poor agreement with model predictions constrained to
on photochemistry at Summit, campaigns were carried out inal| relevant observations (i.e. NO, CO, J values, dewpoint,
summer 2003 (July) and spring 2004 (April). Median noon- O, H,0,, CH,O, HONO, etc.). This disagreement was
time values of selected parameters are reported for summelargest early in the campaign when temperatures were the
and early and late spring in Table 3 along with predicted val-jowest. Conversely, H&*RO, was in excellent agreement
ues of OH and H@+RO; obtained from highly constrained with model predictions constrained to all relevant observa-
photochemical models (Sjostedt et al., 2007). tions except for HONO. These results strongly suggest that
During the summer 2003 campaign, high levels of OH the measured levels of soluble nitrite (N9can not be sim-
were routinely observed~(1x 10’ molecule cmi®). These ply interpreted as gas phase HONO, a conclusion already
levels were more than a factor of two higher than model pre-drawn during ISCAT/ANTCI South Pole campaigns (Chen
dictions constrained to a full set of photochemical precursorset al., 2004). For this reason, the spring Hidget was an-
Typical HO, measurement uncertainties of 40% are reportedalyzed assuming HONO was not a significant radical source.
so it is unlikely that the disparity is due to measurement er-This analysis showed that photolysis 0pf® and CHO
ror. Conversely, levels of HO+ RO, were found to be in emitted from the snow dominated the radical source early
excellent agreement with predictions, indicating that peroxyin the spring with @ photolysis becoming dominant by the
radical sources and sinks were well understood but that thend of the campaign. Low ratios of H&RO, to OH were
ratio of (RQ; + HO,) to OH was perturbed. The HGource  also observed in the spring during periods of high winds and
for this campaign was found to be dominated by photolysis ofblowing snow. Similar to summer 2003 these periods coin-
Os and snow-emitted pD- with smaller contributions from  cided with transport of marine boundary layer air to Summit.
HONO and CHO (Chen et al., 2007). The perturbation to
the ratio of (RQ + HO,) to OH was particularly enhanced 4.2.5 Model estimates not validated by KHieasurements
during an extended period of high winds and blowing snow.
Large increases in OH and smaller relative decreases in (ROAs noted above, the high levels of KCobserved at
+ HO») characterized these windy periods. Retroplume anal-Summit in summer 2003 were expected, based on earlier
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measurements of major precursors. Yang et al. (2002) usedases from the snowpack is largely uncharacterized. This
a photostationary state point model to estimate,Hi® the condensed phase chemistry includes two general types of re-
conditions of the 1999 and 2000 Summit campaigns. Inter-actions: direct photolysis (such as for nitrate) and indirect
estingly, estimated OH for summer 1999 was very similar tophotoreactions involving a photochemically formed oxidant
that observed in 2003. However, estimated gHARO,) val- reacting with a trace contaminant such as an organic com-
ues for 1999 were more than 2-fold higher than the 2003 obpound. In this section we discuss the various oxidants that
servations. Yang et al. (2002) suggested that thg blfirce  are present on snow grains and their potential contributions
from the photolysis of HONO, C$D and B0, combined  to snowpack chemistry. Of the major oxidants involved in
was 2-3 times stronger than that from ghotolysis, in con-  snow photochemistry, the most is probably known about hy-
trast to 2003 where $was found to be the dominant precur- drogen peroxide (kD). H2O; is thermally cycled between
sor followed closely by HO, with only minor production the atmosphere and snowpack, with emission occurring dur-
from CH,O and HONO (Chen et al., 2007). ing daytime when temperatures increase, and deposition oc-
At Alert, significant concentrations of HONO and @8l curring during the cooler night (Sigg et al., 1992; Hutterli
have been measured, with emissions of both compounds ot al., 2001). This reversible deposition 0p®h has been
curring from sunlit snowpack (Zhou et al., 2001; Sumner described with a physically based atmosphere-to-snow trans-
et al., 2002). Using both snow manipulation experimentsfer model (McConnell et al., 1997a, b, 1998; Hutterli et al.,
and ambient air measurements, Zhou et al. (2001) founc®2003). Concentrations in fresh snow reflect water-p@®}
that a significant photochemical snowpack source exists foratios in the cloud, whereas snow exposed sufficiently long to
HONO, at times making it the dominant OH source in the the atmosphere will approach a temperature-dependent par-
boundary layer, implying a much greater role for OH in Arc- titioning equilibrium analogous to Henry’s Law (Conklin et
tic springtime chemistry than previously believed. Modeling al., 1993; Bales et al., 1995). Levels 0§®b in fresh snow
results of Grannas et al. (2002) simulate upwards>of® are altered by subsequent temperature-driven recycling be-
molecule cn® OH at Alert at springtime solar noon under tween the snow and the air until the snow is buried below
typical atmospheric conditions and<Z0° molecule cnt3 several 10s of cm. In addition to sorption processes, snow
during ozone depletion events when halogen chemistry is acmetamorphism and wind enhanced ventilation of the top lay-
tive. In both cases, HONO was hypothesized to be the domers of the snowpack can modulate the air-snow exchange,
inant OH source, followed by Ci#D photolysis. HQ re- and a net HO; loss from the snow is expected in the course
moval was dominated by formation of HNO, and HNG of a year (Sigg and Neftel, 1988; McConnell et al., 1997a;
(81% and 8%) during typical ambient conditions and by Hutterli et al., 2001, 2003, Frey et al., 2006). Most mea-
HO,NO, and HOBr formation (40% and 45%) during ozone surements on the polar ice sheets suggest pébl¢mission
depletion events. Li (1994) also found that calculated OHfrom the snowpack into the boundary layer in summer (Ta-
production rates from HONO dominated both &d CHO, ble 4). In one summer study at Summit, Greenland there
with a calculated OH concentration 0£30° moleculecnm®  was a net deposition of #0, (Jacobi et al., 2002), but this
at noon on 5 April 1992. However, the authors would like to was likely a result of frequent fog events causing signifi-
note that these Alert model predictions were not verified bycant night-time deposition (Table 4). Estimates of average
actual HOx observations. emission fluxes from the Arctic and Antarctic snowpack in
Summer observations during the US ITASE ground tra-summer vary between band 132 molecule n72 s71 (Ta-
verse confirmed snowpack emissions ofG4 and CHO  ble 4) or 10 and 1§ molecule cn3s~ for an assumed BL
across the Antarctic Ice Sheet betweeA3&ind 90S (Frey  height of 100m. For comparison, based on one measure-
et al., 2005). Model calculations constrained by observed atment from an illuminated solution of extracted particles, in
mospheric hydroperoxides (ROOH), @Bl and @ suggest  situ photoformation in airborne particles provides a volumet-
enhanced NO and OH levels on the East Antarctic plateaufic H202 flux of ~10* molecule cn® s~ to the boundary
similar to what is seen at South Pole (Frey et al., 2005).layer at Alert, Canada in April (Anastasio and Jordan, 2004).
However, as the Summit example illustrates, modeling re-Although the rate is relatively small, this photoformation of
sults need to be validated by in situ measurements, particuH202 in aerosol particles suggests that deposition of these
larly of HOx. particles to the snowpack will lead to,B, photoformation
on snow grains as well (Anastasio and Jordan, 2004), which
4.2.6 Oxidant production and chemistry in/on snow and icemay slow down the loss rate of2@, from the snow while
grains slightly increasing the emission fluxes. However, this idea
of the photochemical formation of 4, on snow grains is
Much of the past research on snow photochemistry has foin its infancy (Chu and Anastasio, 2005). Indeed, Jacobi et
cused on how these reactions affect the oxidizing capacityal. (2006) have identified the photochemical decomposition
of the atmosphere, primarily by emitting N@nd precur-  of H2O, in snow. More work is needed to quantify the snow
sors of HQ from the snowpack into the overlying bound- grain budget of HO».
ary layer. The chemistry that leads to the release of reactive Because it is reactive, 2D likely plays an active role in
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Table 4. Average gas phase levels (range in parentheses) of atmospheric radical precursors in air above the snowpack (ambient air) and ir
the interstitial pore space right below the snow surface (firn air). Positive area flux values indicate net emission, while negative values are
equivalent to deposition to the snowpétk.

Site Ambient AirP pptv Firn Air © Area Flux Reference
pptv molecule nT2s~1
H20,
South Pole 278 (23-773) 884 (375-1515) 9.5x 102 (up to 2.0<101%d Hutterli et al., 2004
90° S 5-23 Dec 2000 18-23 Dec 2000, 24 h total 5-23 Dec 2000

Antarctic Plateau

274 (59-643)

564 (70-3209)

1.4x10'2 (3.6x1011-4.3x 10'2)®
18-23 Dec 2000, 24 h total
7.6x 1013 (-)f

18-22 Dec 2000

6.9x10M (1.8x1010-1.9x10'2)e

Frey et al., 2005

84-90 S 20 Dec 2002—4 Jan 2003 21-29 Dec 2002 21-29 Dec 2002
West Antarctica 370 (<30-918) 388 (111-692) 3.4x10M1 (-2.0x10M1-8.7x10He  Frey et al., 2005
82-84S 27 Nov—16 Dec 2002 11-16 Dec 2002 11-15 Dec 2002
Summit, Greenland 1400 (90—4600) 1630 (1000—2100) 4.9x10'3 (4.0x1013-5.8<1013)d  Hutterli et al., 2001
7N, 3P W 4-20 June 1996 20 June 1996 20 June 1996
650(-) - — (-1.310'3-1.6x 1013)d Jacobi et al., 2002
5 June—8 July 2000 16 June—7 July 2000
CH,0
South Pole 103 (27-184) 747 (425-1238) 1.7x10'2 (9.0x 1011 —2.9x 10124 Hutterli et al., 2004
9°'S 5-23 Dec 2000 18-23 Dec 2000, 24 h total 5-23 Dec 2000 Hutterli et al., 2002
- - 1.5x10'2 (7.5x 10 —3.0x 10'2)€
18-23 Dec 2000, 24 h total
3.5x 1012 (-)f
7-18 Dec 2000
2.9x10'2 (1.3x 1012 -4.3x 102
7-23 Dec 2000
—(0-2x10'2)
Jan—-Dec 1999
CH,0
Antarctic Plateau 155 (-) 142 (-) —3.0x1010 ()& Frey et al., 2005
88°S, 108 W 30-31 Dec 2002, 13h total 30-31 Dec 2002, 13 h total 30-31 Dec 2002
Dome C - - - (-0.x101 —2.1x 10 Hutterli et al., 2002
75°S, 123 E Jan-Dec 1998
Byrd 121 (52-169) 171 (130-209) 1.0x10M (-8.1x 100 -3.3x101¢  Frey et al., 2005
80° S, 120 W 3-7 Dec 2002 3-7 Dec 2002 3-7 Dec 2002
Neumayer — (<30-700) - —(1.5x1013-2.5x 10'3)] Riedel et al., 1999; Riedel et
70°S, & W March 1997-Jan 1998, Feb 1999 March 1997-Jan 1998, Feb 1999  al., 2005
Summit, Greenland 230 (100-450) —>1500 —(1.4x10'2 —8.8x 102 Hutterli et al., 1999
73 N, 3 W 4-20June 1996 20June 1996 20 June 1996 Jacobi et al., 2002
120 (-) - — (-1.1x10'2-4.2x1012)d
5 June—8 July 2000 16 June—7 July 2000
Alert, Canada — (52-690) — (120-150) 4.9x103 ())h Sumner and Shepson, 1999
83°N, 622 W 15 Feb-26 April 1998 9 March 1998
—(280-610)
7 April 1998
—(650-750)
16 April 1998
Ahmeek, Ml —(190-310) — (450-680) - Couch et al., 2000
47°N, 88 W Jan 1999, 1 profile Jan 1999, 1 profile

snowpack chemistry. Correlations betweesOd and CQ

these reactions are slow (Mohammad and Liebhafsky, 1934),

trapped in air bubbles in Greenland ice cores suggest thahey might be significant in the quasi-liquid layers of snow if

H>02 may oxidize organic compounds such as formaldehydehe reactants are sufficiently concentrated.

(CH20) to produce CQ at depth and possibly in the upper  One of the most significant roles of hydrogen peroxide in
snowpack as well (Tschumi and Stauffer, 2000). The ther-snow grain chemistry is as a photochemical source of hy-
mal reaction of FHO, with bromide (or chloride) to form droxyl radical (Chu and Anastasio, 2005; Jacobi et al., 2006;
HOBr (or HOCI) might also be significant on snow grains France et al., 2007):

as a source of volatile, reactive halogens. While the rates thoz(snovw + light — 20H (12)
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Table 4. Continued.

4349

Site Ambient Air P pptv Firn Air © Area Flux Reference
pptv molecule nT2s~1
CH3CHO
Alert, Canada 90 (70-110) - (220-270) 4.2(+2.1)x 1012 (-4 Guimbaud et al., 2002
83°N, 622 W 22 Apr. 2000, 5 h total 22 Apr. 2000, 5h total 22 April 2000, 5 h total Boudries et al., 2002
166 (26-459) - 2.6(+0.1)x 1013 (-)!
1 Apr.—4 May 2000 16 and 19 April 2000
Ahmeek, Ml 1800 (-) —(6000-7200) - Couch et al., 2000
47°N, 88 W Jan 1999, 1 profile Jan 1999, 1 profile-
CH3C(O)CH3
Alert, Canada —(380-420) —(410-580) —6.2(£4.2)x 1012 (-)d Guimbaud et al., 2002
83°N, 622W 22 April 2000, 5 h total 22 April 2000, 5 h total 22 Apr. 2000, 5 h total Boudries et al., 2002
871 (183-1470) - —7.5@1.8)x10'2 ()i
1 April-4 May 2000 16 and 19 April 2000
Ahmeek, Ml 600 (-) —(2000-4000) - Couch et al., 2000
47° N, 88 W Jan 1999, 1 profile Jan 1999, 1 profile
Alkenes
Summit, Greenland ~ Ethene —(up to 163) Swanson et al., 2002
73N, 3% W 9(-) June—Aug 1999 - Swanson et al., 2002
June—Aug 1999 —(up to 89) - Swanson et al., 2002
Propene June—Aug 1999
6.2 (-) —(upto 42)
June-Aug 1999 June—Aug 1999
1-Butene
3.3

June—Aug 1999

@ studies were included, which report fluxes and/or mixing ratios in ambient and firn air; for a comprehensive compilation of all available

atmospheric observations see Sander et al. (available as an electronic supplement to Simpson et al., 2007)
b Ambient air levels typically at-1 m above the snow surface
€ Firn air levels within~0.5 m below the snow surface

d derived with the gradient method (Monin-Obukhov similarity theory)

€ based on firn-ambient air gradients and effective molecular diffusivities in air
f derived from concentration changes in the top layer of snow

9 based on simulations with a physical atmosphere-to-snow transfer model

_h Steady-state estimate assuming a BL height of 600 m
! determined with a quartz chamber
J inferred from the difference between modeled and observed ambient mixing ratios

Calculations based on laboratory measurements of 12 indiphotolysis of BO, on the grains. However, the photolysis
cate that HO, photolysis is the dominant source of OH on of H2O» on snow grains is not a source of hydroxyl radical

Antarctic and Arctic snow grains (Chu and Anastasio, 2005).to the gas phase, as preliminary results indicate that the OH
However, in snow or ice where nitrate concentrations arelifetime on snow grains at Summit during summer is short
much greater than those of hydrogen peroxide (i.e., by aenough that OH will react before it can evaporate (Anastasio
least an order of magnitude), nitrate photolysis will be theet al., 2007).

dominant source of OH, as has been suggested for the photic | jxe H,0,, formaldehyde (CHO) is an important radical
zone of Antarctic sea ice (King et al., 2005). Measurementsprecursor (Hutterli et al., 2001; Yang et al., 2002; Chen et
at Summit indicate that the rate of OH formation on surfaceaL, 2004; Riedel et al., 2005) that is recycled between near-
snow grains at midday during summer is typically 300 nmol g,rface snow and the atmosphere (Hutterli et al., 1999, 2002,
L~*h~* and that HO; photolysis accounts for nearly all of 2003). Distribution coefficient () values for CHO, de-

this production (Anastasio et al., 2007). Based on peak meagmined between -5 and —38, are about 1% of those re-
sured concentrations of OH in the interstitial air of surface ported for BO, (Burkhart et al., 2002). Air-snow exchange
show at Summ|t(~3xlpf5 molecule cm®; Beyersdorf et al., _ of CH,0 accumulated at or near the ice-air interface of snow
2007), the rate of partitioning of gaseous OH to snow grainsyrains leads to fast equilibration, and to significant fluxes
will be approximately equal to the rate of formation from jyig the boundary layer (Table 4). Total emission fluxes
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of CH2O (Table 4) originate from both physical and pho- are probably also significant in the release of CO and VOCs.
tochemical sources, with the former being dominant. For ex- In regions where snow composition is affected by inputs
ample, South Pole data suggest that net production @f@CH of sea-salt particles, reactions of OH with bromide and chlo-
within the snow by heterogeneous photochemical processesde on snow grains may also be important. While coastal
is likely to contribute not more than 20% to the total mea- regions certainly fall in this category, recent observations of
sured flux (Hutterli et al., 2004). However, the ratio betweenboundary layer HQ chemistry at Summit suggest that halo-
these sources will vary at sites with different concentrationsgen chemistry can also be important in regions 100 s of kilo-
of organic precursors in the snow. It will also vary with time meters from the coast (Sjostedt et al., 2007). Hydroxyl radi-
as snow temperatures and actinic flux change on diurnal andal oxidizes both bromide and chloride to initially form halo-
seasonal time scales. The estimated net fluxes of30Kithe  gen radical species (such as Br,Band the analogous chlo-
Arctic and Antarctic are generally lower than the correspond-ride species), which can be further transformed into volatile
ing Ho0; fluxes and range betweenand 132 molecule  reactive halogens (such as,Band BrCl) (Simpson et al.,
m~2 s~1, except for the coastal Neumayer, where estimated2007). Based on results in solution, a portion of these reac-
fluxes of~2x 10" m~2 s~! were needed to reconcile mea- tive halogens on snow grains likely reacts with various or-
sured with modeled C§O mixing ratios (Riedel et al., 2005) ganic functional groups to form halogenated organic com-
(Table 4). pounds (Anastasio and Matthew, 2006). Such reactions could
Other radical precursors such as acetaldehyde;GEHOD) be responsible for the measured fluxes of alkyl halides out of
and acetone (C§C(O)CHg), have been detected in surface the snow at Summit (Swanson et al., 2002). The volatile
snow (Houdier et al., 2002). Firn air levels of these speciesreactive halogens are also important because they will evap-
exceed those in the ambient air, suggesting snowpack emisrate into the gas phase — both into the interstitial firn air
sions (Couch et al., 2000; Boudries et al., 2002; Guimbaudand into the boundary layer — and photolyze to form halo-
et al., 2002) (see also Sect. 4.4), probably with contributionsgen radicals, which in turn will destroy ozone and react with
from both physical and photochemical processes. Howevetydrocarbons, as described by Simpson et al. (2007).
a physical description of the air-snow transfer of these chem- Based on past studies in mid-latitude cloud and fog drops,
ical species is still lacking, as well as net flux estimates be-jlluminated polar snow grains likely manufacture a num-
tween snow and atmosphere over longer time periods (Taber of other oxidants in addition to OH. These additional
ble 4). Modeling results of Grannas et al. (2002) indicate thatoxidants include singlet molecular oxygetOg*), excited
both a daytime snowpack source (possibly photochemistryiriplet states of organic compounds, and peroxyl radicals
and a nighttime snowpack sink (temperature-dependent uptFaust, 1994; Anastasio et al., 1997). Initial work has shown
take) of CHO, CH;CHO, and CHC(O)CH; were required  thatO,* is indeed formed on illuminated Summit snow and
to correctly model the observed springtime diurnal variationthat the corresponding steady-state concentrations are high
of mixing ratios observed for these species in 2000 at Alert,enough to be a significant sink for electron rich species such
Canada. as polycyclic aromatic hydrocarbons (McKellar et al., 2005).
The snowpack chemistry of 4, and volatile carbonyls  As far as we are aware, no one has yet attempted to measure
(as well as other organic compounds) is likely intimately the presence of excited triplet states or peroxyl radicals on
linked to the hydroxyl radical. Because of its very high re- snow grains, but these oxidants probably also affect snow-

activity, OH is probably the major oxidant for organic com- pack chemistry and emissions into the boundary layer.
pounds and other contaminants on sunlit snow grains (Anas-

tasio et al., 2007; France et al., 2007), as it is in the atmo4.3 Halogens

sphere. Indeed, away from coastal regions with elevated sea-

salt levels, the greatest sink for snow grain OH is possibly or-4.3.1  Introduction

ganic compounds (Anastasio et al., 2007). In this case, most

photoformed OH will react with organics and these reac-The chemistry of reactive halogens is most widely known
tions probably account for a significant portion of the carbon-through the impacts on ozone, causing dramatic depletions
containing products that are emitted from snow (Dagrand  in both the stratosphere and in the polar boundary layer at
Shepson, 2002; Grannas et al., 2004). In addition to@H sunrise. When the relationship between @epletion and
and other carbonyls such as those described above (Huttedtiromine was first discovered in the polar boundary layer,
et al., 1999; Sumner and Shepson, 1999; Boudries et algaseous bromocarbons (e.g., ChlBwere suggested to be
2002; Guimbaud et al., 2002; Jacobi et al., 2002; Sumnethe source of reactive Br. Further study pointed to bromide
et al., 2002; Hutterli et al., 2004), the products formed fromin sea salt as the ultimate source, though unaltered airborne
OH reactions with organics may also include CO (Haan etsea-salt aerosol is not sufficient. The current understanding is
al., 2001) and carboxylic acids (Dibb and Arsenault, 2002).that sea salt expelled from the ice lattice during formation of
It should be noted, however, that other mechanisms — sucBea ice and to some extent sea-salt aerosol that are deposited
as direct photoreactions of organic compounds and indirecbn ice is the halogen source. Modifications through inter-
photoreactions involving other oxidants (Sects. 2.4 and 4.4gxction with ice surfaces, including brine and frost flowers
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or perhaps just through exposure after deposition onto sea more correct inclusion into numerical models it is crucial
ice and its snow cover during winter play a key role. Cur- that the details of halogen cycling in the snow are elucidated.
rent understanding of halogen chemistry and ozone deple-
tion in the polar boundary layer is the subject of a compan-4.3.3 Atmospheric impact of halogen chemistry
ion paper (Simpson et al., 2007). There is also increasing
speculation that halogen chemistry is important throughoutAs discussed in previous sections, several polar field cam-
much of the troposphere (e.g., Vogt et al., 1996; Platt andpaigns observed OH/HOand NO/NQ ratios that could
Honninger, 2003; von Glasow and Crutzen, 2006). Directnot satisfactorily be explained with models. It was sug-
evidence for the release of photolyzable bromine compoundgested that this is due to halogen chemistry. In the
from the snowpack was first obtained by Foster et al. (2001)case of Summit, Greenland (as noted above), the mea-
at Alert, Canada. Several recent studies investigating snowured OH levels were exceptionally high, and could not
photochemistry have found evidence that halogen chemistrype accounted for by standard homogeneous chemistry that
may be impacting HQand NG cycling in coastal Antarc- did not include halogens (Sjostedt et al., 2007). Since
tica during the summer (outside of the severe ozone deplemeasured peroxy radical levels at Summit are well repro-
tion season), and, surprisingly, at 3km elevation along theduced by model calculations, ozone production rates {P[O
crest of the Greenland ice sheet. In this section the evidence ki[RO2][NO]+k2[HO2][NO]) should be accurately pre-
that halogen chemistry may be important in unexpected timeslicted. During the 2003 Summit field campaign average pro-
and places in the polar regions, and the interactions betweeguction rates of-0.8 ppbv Q day ! were calculated for the
HOy, NOy and halogen chemistry that appear to result, areboundary layer, which is about 2% of the daily average ozone
briefly introduced. mixing ratio. However, at Summit photochemical production
within the surface layer does not appear to have an impor-
4.3.2 Direct release of halogen compounds from the snowtant influence on surface ozone levels (Helmig et al., 2002,
2007c), much in contrast to the findings from South Pole.
Laboratory experiments of Huff and Abbatt (2000, 2002) andIn fact the boundary layer appears to be slightly depleted in
Adams et al. (2002) showed that the uptake and reaction obzone as balloon profiles frequently show higher mixing ra-
HOBr on frozen salt surfaces of variable NaCl/NaBr compo-tios above the boundary layer (Helmig et al., 2002). Firn
sition and temperature led to the release of/BrCl to the  air measurements of ozone at Summit are lower than ambi-
gas phase. In the case of frozen surfaces no dependence ent, often by a factor of two or more (Peterson and Honrath,
the pH of the solution that was used to prepare the frozer2001). Ozone in the firn air declines with increasing solar ir-
salt surfaces was observed, whereas in liquid a pH deperradiance levels, both diurnally and seasonally. While during
dence was observed. This result points to a different mechaApril, up to 90% of ambient ozone was preserved to depths of
nism in the case of frozen surfaces which so far has not bee m, during mid-summer, only 20-50% remained at the same
identified. The mass spectrometer measurements of Fostelepth. Diurnal cycles in firn air ozone were clearly evident,
et al. (2001) and Spicer et al. (2002) showed very high mix-with maximum ozone levels observed during the night and
ing ratios of Bp and BrCl of up to 27 and 35 pptv, respec- minima occurring after solar noon (Helmig et al., 2007d).
tively at 1.5 m above the snow surface at Alert, Canada. En-These observations imply that photochemical depletion is the
hanced Bj concentrations within the snowpack (relative to most important removal mechanism of ozone in the intersti-
the boundary layer concentrations measured just above théal air. The predominantly positive ozone gradients (higher
snowpack) were detected at depths down to 20cm. Thesezone above the surface than in the snowpack) also point to-
measurements provided the first direct evidence of a snowwards the snowpack being a sink of boundary layer ozone.
pack source of reactive molecular halogens potentially re-This assumption has indeed been confirmed by direct ozone
sponsible for the observed tropospheric ozone depletion pheflux measurements at Summit, which show diurnally chang-
nomenon. Comparison of BrO concentrations measured witling ozone fluxes with maximum deposition rates occurring
an in-situ chemical conversion/resonance fluorescence techn the afternoon (Helmig, personal communication).
nique and a DOAS system showed a strong vertical gradient Sjostedt et al. (2007) speculated that the lack of ob-
of BrO at Alert (Avallone et al., 2003) again pointing to a served ozone production at Summit and the perturbed
strong influence from the snowpack. Measurements 1 m angHO2+RO,)/OH ratio might be explained by a related chem-
0.25m above the snow showed up to 20 pptv of BrO hint-ical mechanism. The presence of halogen radicals could help
ing at a possible direct impact of the snowpack on BrO mix- explain both the slight depletion of boundary layer ozone and
ing ratios. Modeling results by Piot and von Glasow (pers.the enhancementin OH (Stutz et al., 1999; Foster et al., 2001,
comm.) show that the life cycle of an ozone depletion eventvon Glasow et al., 2004). It is also possible that this chem-
can only be simulated if re-emission of deposited (mainlyistry could be altered by heterogeneous processes due to in-
particulate) bromine from the snowpack is considered. Thecreased particle surface area (primarily blowing snow) in the
exact processes and kinetics behind this remain, howevehigh wind events. Alternatively, rapid transport of air that
unknown. For a better understanding of the processes andontains halogen compounds and/or sea-salt aerosol from the
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Fig. 10. Total vertical column densities of BrO over the Arctic observed from GOME and SCIAMACHY during summer 2003.

marine boundary layer (as suggested by FLEXPART back-ploy long-path DOAS and in situ instrumentation to provide
wards simulations) to Summit might be another mechanismindirect evidence of halogen chemistry (OH/(KH® ROy),

for activating halogen chemistry. NO/NO,, Hg speciation, NMHC) to confirm or refute the hy-
pothesis, and should determine whether snowpack emissions

Although there are no measurements of BrO or IO at Sum- : : . )
or advection of marine air masses are the dominant source of

mit, there exists ancillary evidence that suggests that both v tropospheric halogens reaching the crest of the Green-
species may be present. For example, both the GOME an? y froposp 9 9

SCIAMACHY instruments on the ERS-2/ENVISAT satel- 'o"d Icé sheet _ _
lites show moderate (approx. 3<&0'3 molecule cnT?) at- In the case of Halley, Antarctica, measurements during the

mospheric columns of BrO during the summertime over CHABLIS field campaign showed the presence of significant
the entire Greenland icesheet (see June 2003 compositedlixing ratios ¢-5 pptv) of both 10 and BrO radicals at noon
Fig. 10) (Richter et al., 1998; Wagner and Platt, 1998). As-during the summer, with 10 levels being much higher than
suming the satellite BrO retrievals are correct and that thePbserved in the Arctic. The levels for both halogen oxides
entire column of BrO is in a maximum 1 km boundary layer P&aked in spring with mixing ratios near 15 pptv (Saiz-Lopez
would result in ambient mixing ratios in the boundary layer €t al., 2007). Under these conditions halogen oxides con-
of about 20 pptv. Low mixing ratios (1-2 pptv) of soluble trol the lifetime of NQ, through the formation of halogen ni-
gas-phase bromine species (Evans et al., 2003) were consi§ates (XONQ) and their subsequent hydrolysis on aerosols
tently detected by the UNH mist chamber during summer(Sander et al., 1999). In addition, the HBIO ratio is also
2003. However, on 28 June when OH reached peak Va|.affected by the reaction of |0 and BrO with NO, and the rate
ues for the 2003 campaign, soluble gas-phase bromide waef removal of DMS via reaction with BrO, for which the rate
above 8 pptv from the onset of measurement (10:00 a.m. |ocoefficient is an order of magnitude greater than for removal
cal time) until 02:30 p.m. and reached a maximum of 11 pptvPY OH. 10 and BrO also affect the oxidizing capacity of the
during this period. Halocarbons such as methyl bromide Antarctic boundary layer by reacting with H@nd hence
ethyl bromide, methyl iodide and ethy! iodide have been ob-reducing the HQ/OH ratio.

served in the atmosphere at Summit (Swanson et al., 2002). In order to study the impact of halogens on jHGon-

The observed concentrations of all four are enhanced in theentrations at Halley, a time-resolved photochemical model
firn column indicating active photochemistry involving halo- using the Master Chemical Mechanism v3.1 (Jenkin et al.,
gen radicals within the snowpack. Annual changes of is0-1997), which included an explicit non-methane hydrocar-
butane/propane ratios in the firn column at Summit also sugbon scheme (11 NMHC species), and an additional halogen
gest a seasonal variance of bromine radicals. Consequentlgcheme, and constrained using measurements of longer-lived
we believe that further study of photochemistry at Summitsources and sinks, was used to calculate the diurnal variation
should address the potential link betweenHdd halogen of OH and HQ (Bloss et al., 2006). The concentration of
chemistry in this environment by direct measurement of suchphotolabile halogen precursors (for example 8nd b) was
species as BrO. A MAXDOAS installed at Summit in sum- selected to give agreement with [BrO] and [IO] at the DOAS
mer 2006 will provide preliminary testing of the hypothesis measurement height 65 m. When the halogen chemistry
that halogens are impacting chemical cycles at this site. Inwas switched off, the model overestimated Hfy more than
tensive campaigns to be conducted in 2007 and 2008 will dea factor of 2 at noon, but when it was included, the agreement
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for HO, was much better, whereas for OH there was a signif-gler et al. (2006) separated “dissolved” and “particulate”
icant model overprediction, suggesting that further sinks areOC by filtration (nominal pore size Owm) in a profile of
required. Apart from ChHO, there were no measurements 20 cm thick samples collected in a 3 m deep snowpit at Sum-
during CHABLIS of oxygenated VOCs, a class of compound mit. They found levels of dissolved organic carbon, DOC,
which may represent a significant unmeasured sink for OHtypically in the range 10-100g C L~1, with a mean of
This was observed, for example, during the North Atlantic 50,..g C L~ and particulate organic carbon concentrations in
Marine Boundary Layer Experiment (NAMBLEX), held at the range 2.5-12g C L~1, with a mean of ;uigCL~1. The

the remote Mace Head station in Ireland, where acetoneTOC derived from these data (mean ofi5§C L~1) are sig-
methanol and acetaldehyde were significant sinks for OHnificantly lower than the Summit measurements by Grannas
(Heard et al., 2006). HONO concentrations and J(HONO)et al. (2004), possibly because of differences in collection
were also determined during CHABLIS, but including pho- and measurement techniques.

tolysis of measured HONO as an OH source led to a large A number of natural and anthropogenic organic com-
overprediction of OH, and this finding requires further inves- pounds have been measured in snow including: polycyclic
tigation. The first and second most important sinks ofHO aromatic hydrocarbons (PAHS) (e.g., Jaffrezo et al., 1994;
were reaction with 10 and BrO, respectively, and HOI pho- Masclet et al., 2000); phthalates, alkanes and phenols
tolysis dominated OH production. The field and modeling (Grollert and Puxbaum, 2000); low molecular weight car-
results strongly suggest that the snowpack is a source for theonyls (e.g., Perrier et al., 2002; Houdier et al., 2002); per-

measured halogens (Saiz-Lopez et al., 2007). sistent organic pollutants (e.g., Jaffrezo et al., 1994; Lode
et al., 1995; Blais et al., 2001a, b; Garbarino et al., 2002;

4.4 Organics Villa et al., 2003; Halsall, 2004); and low molecular weight
organic acids (e.g., Dibb and Arsenault, 2002; Legrand and

4.4.1 Organic materials in snow De Angelis, 1995; Narukawa et al., 2003). Humic-like sub-

stances, the relatively high-molecular weight material con-

Organic compounds in the atmosphere exist in particulatesisting of multifunctional oxygenated organic compounds,
matter (solid and liquid) and as gases, originating fromhave also been found in snow and polar ice (Calace et al.,
both natural (e.g. biomass burning, emission from plants)2001; Kawamura et al., 2001, 2003, 2005; Grannas et al.,
and anthropogenic (e.g. vehicles, industrial emissions, cook2004, 2006). It has been hypothesized that the observed
ing) sources. They can be incorporated into snow by bothproduction of VOCs from snow and ice results from photo-
wet and dry deposition processes (e.g. Sempere and Kawaxidation of these humic-like substances (Sumner and Shep-
mura, 1994; Franz and Eisenreich, 1998; Wania et al., 1999o0n, 1999; Grannas et al., 2004). Fulvic acids were quan-
Grollert and Puxbaum, 2000; Lei and Wania, 2004; Roth ettified in snow collected in Antarctica (Calace et al., 2005),
al., 2004). Section 2 discusses the incorporation of atmowhile lignin and fatty acids have been quantified in Arctic
spheric constituents into snow. Here we focus on “reactive”snow (Grannas et al., 2004). Compared to the few TOC mea-
organic materials, while we note that other organic com-surements available, it appears that biogenic organic matter
pounds (e.g. methane, halogenated organic molecules) arepresents a significant fraction of the total organic carbon
present in snow at significant concentrations, but due to theimeasured in high latitude snow and ice, and could indeed be
chemical inertness, their contribution to snow reactivity is a relatively abundant substrate available for photochemical
considered neglible. Dry deposition is controlled by a num-processing. Grannas et al. (2006) reported molecular-level
ber of factors including meteorology, snow surface proper-characterization of the dissolved organic material in an ice
ties, and, for particulates, the aerosol size distribution. Thereore collected from Franz Josef Land, Russia. Several thou-
is a need to improve our understanding of the fundamentakand unique molecular species were identified over a mass
processes that deposit specific gas phase and particulate aange of 300-800 Daltons (molecular weight). Molecular
ganic compounds to snow. formulae of the identified species indicate potentially im-

There are only limited measurements of organic com-portant biogenic organic sources. However, due to current
pounds in snow, but these suggest that these compounds aamalytical limitations, there is little information on specific
ubiquitous and present at significant concentrations. At rechemical functionalities and structures of the complex mix-
mote high latitude sites (Alert, Summit, Greenland, Southture of organic materials found in this core. Indeed, much
Pole, see Fig. 2) measurements of total organic carbon, TOGyork remains to characterize the complex organic material
in snow ranged from<10 to 70Qug C L~1 (Twickler et al.,  contained in both remote and urban snow.
1986; Grannas et al., 2004; Lyons et al., 2007). For compar- There have also been several studies reporting a variety
ison, values for sulfate in Greenland snow are in the rangeof biological organisms in snow including bacteria (Felip
100-30Qug L~ (e.g., Twickler et al., 1986). By contrast, et al., 1995, 1999; Carpenter et al., 2000; Takeuchi et al.,
TOC values at Mount Sonnblick, Austria are higher, ranging2001). Snow algae have been identified globally at a vari-
from 1000.g C L~ to 3000ug C L~ (Haan et al., 2001), ety of sites, including the Arctic, Antarctic, Greenland, U.S.,
probably because of closer proximity to urban sources. HaCanada, Europe and Japan (Gerrath and Nicholls, 1974;
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Cota, 1985; Felip et al., 1995; Duval et al., 1999; Painter There have been several reports demonstrating that some
et al., 2001; Yamamoto et al., 2004; Edwards et al., 2004)organic molecules are subject to post-depositional process-
Organic carbon from biological sources may react with rad-ing. Jaffrezo et al. (1994) found that the PAH benzopy-
ical compounds in snow (e.g. OH) thus serving as radicalrene decreased by nearly 90% from the surface to the bot-
sinks. By-products of these reactions can result in the gentom of a 3m snow pit in Greenland. The results are consis-
eration of additional organic compounds in snow (Grannastent with measurements by Hagler et al. (2006) which show
et al., 2004). Living organisms can also use existing organianuch higher concentrations of POC in Greenland surface
compounds as an energy source, and hence organisms canow than in shallow snowpits. At this time it is not clear
potentially modify snow chemistry. The extent to which liv- whether the observed degradation of particulate organic com-
ing organisms are involved in snow chemistry is not well un- pounds in snow is dominated by photochemical or physical
derstood, in particular due to a general lack of information onprocesses.
the specific organism concentrations in snow, and their abil- A number of studies have observed ambient and/or firn air
ity to thrive under the existing chemical and physical con- concentrations of gas phase organic compounds hinting at or-
ditions in snow-covered regions of the world. More atten- ganic compound-related photochemistry in snow. Dibb and
tion has been given to this topic recently, however. ThroughAresenault (2002) found that the concentrations of formic
concurrent experimental and field studies of (semi)volatileand acetic acid in firn air were more than ten-fold higher than
organic compounds (VOC), snow-embedded microbes anémbient concentrations. They hypothesize that snow photo-
bioaerosols at several urban, suburban/remote mountainoushemistry, in particular the production of carbonyls such as
and Arctic sites, Hudson and Ariya (2007) show that a wideformaldehyde through oxidation of organics in snow (Sum-
range of VOC and bioaerosols can be emitted from snowner and Shepson, 1999), are linked with the observed produc-
to the atmosphere. They also show that snow-borne tax@on of organic acids in firn air. Haan et al. (2001) conducted
can increase snow surface area, and thus modify the snowehamber experiments on freshly fallen snow from Mount
atmosphere partitioning of chemicals adsorbed on the snov&onnblick in Austria and found evidence for light-dependent
surface (P. Ariya, personal communication). These resultsCO generation. It is worthwhile to note that CO generation
suggest that snow photo-biochemical reactions, in additiorwas a function of snow TOC concentration, suggesting that
to physico-chemical reactions, should be considered in deit is related to the oxidation of organic compounds. Haan
scribing air-snow exchange. et al. (2001) also suggest that carbonyls in snow are linked
with photochemical CO production. Similarly, Grannas et
4.4.2 The role of organic compounds in snow photochem-al. (2004) found that ice pellets made from melted Arctic and
istry Antarctic snow produced GHD and CHCHO when irradi-
ated in the laboratory. Production rates were enhanced by ad-
Organic compounds can be involved in snow photochemistrydition of nitrate to the melted snow, perhaps due to enhanced
in a number of ways. They can directly absorb photons,OH production. Of particular interest is the finding that a
thereby changing the radiation balance within the snowpackyariety of organic compounds characterized in this work,
and also create radicals that can react with other compounds# particular plant vascular material, were hypothesized to
(including organics) in snow (Hoffmann, 1996). Measure- be involved in the photochemical production of gBiand
ments on filtered, melted snow samples from Summit andCH3CHO (Grannas et al., 2004).
Dome Concordia suggest that these direct photoreactions Radical organic compounds generated through snow pho-
of organics are significant: unknown, presumably organic,tochemistry may also play a more general role through sub-
species typically account for approximately half of the sun-sequent reactions with compounds of environmental impor-
light absorbed by these samples, whilgd4 and NG; ac- tance. Recently Lahoutifard et al. (2003) suggested that or-
count for the other half (Robles and Anastasio, 2007n  ganic radicals in snow are responsible for scavenging gas
addition to direct photoreactions, organic compounds carPhase mercury. This finding is supported by experiments
also react with other radicals generated within the snowpackwhere the addition of b, (an OH radical source) to snow
such as OH, which has a variety of sources including photo-samples caused a dramatic increase in snow mercury concen-
dissociation of HO, (Chu and Anastasio, 2005) and, to a trations during solar irradiation.
smaller extent, photolysis of nitrate in snow (Zhou et al.,
2001; Dibb et al., 2002) (see Sect. 4.2). Finally, organic com-4.4.3 Production rates and snow as a source of boundary-

pounds can react directly with reactive species suchy&@H layer gas-phase organics
and G that may also be found within snowpack interstitial . . o
air. A number of field and modeling studies indicate that a source

of gas-phase organic compounds exists in polar snowpacks,

1Robles, T. and Anastasio, C.: Light absorption by soluble chro-and that the evolution and emission of these species may sig-
mophores in Arctic and Antarctic snow, J. Geophys. Res., submithificantly impact the overlying boundary layer. For example,

ted, 2007. fluxes of organic compounds such as carbonyls, alkyl halides,
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alkenes, and organic nitrates out of the snowpack have beesnow or ice. It should be noted that fluxes and gradients are
measured during various field campaigns (Sumner and Shepelated by an exchange velocity and measured concentration
son, 1999; Hutterli et al., 1999, 2004; Couch et al., 2000;gradients may not directly relate to the magnitude of the flux.
Grannas et al., 2002, 2004; Guimbaud et al., 2002; Dassau o quantitatively determine the surface-air flux, and the mag-
al., 2002; Perrier et al., 2002; Swanson et al., 2002; Dibb enitude of the vertical impact of snowpack emissions/sinks,
al., 2002; K&hn and Holoubek, 2002). Oxygenated hydrocar-it is necessary to understand the dynamics above the snow
bons in the atmosphere were measured at Alert from Februsurface, as discussed in Sect. 5.1 and in greater detail in the
ary to May 2000 (Boudries et al., 2002). During sunlight accompanying boundary layer physics review (Anderson and
hours, concentrations measured in the snowpack interstitialNeff, 2007).

air were higher than those measured in the overlying bound-

ary layer, implying a positive flux from the snowpack to the 4.4.4 Processing of anthropogenic organics in snow/ice
Arctic boundary layer, proposed to be related to photochem-

ical production in the snowpack. Guimbaud et al. (2002) Although much focus has been on the natural organic matter
found similar behavior for CECHO and CHC(O)CH; and present in snow and ice, several laboratory studies have fo-
calculated fluxes from the snowpack of £20% and 6.2 cused on the processing of anthropogenic organic materials
108 molecule cm? s71, respectively. Hutterli et al. (1999) in sunlit snow and ice. Laboratory experiments are necessary
report fluxes of CHO from sunlit Summit, Greenland snow to elucidate snowpack photochemistry, however, at present
between 1.4-88 108 molecule cm? s~1, and Jacobi et the substrates generally used are significantly different from
al. (2002) report & 10" molecule cm2 s~1. CH,O fluxes  nhatural snow. Experiments use frozen solutions with high
from sunlit South Pole snow were on the order of 108 reactant concentrations, and it is possible that reactants are
molecule cnm? s~1 (Hutterli, 1999; Hutterli et al., 2004). located in highly concentrated pockets of liquid solutions. In
Bottenheim et al. (2002) report a flux of ethene from Alert, natural snow, concentrations are much lower, thus reactants

Canada snowpack of the order of 10’molecule cnm?s1. could simply be adsorbed or contained in organic aerosols,
Swanson et al. (2002) report production rates of several alkyand reaction pathways could be different.

halides on the order of $610° molecule cm3s~1 in irradi- Klan and coworkers have reported the unusual photobe-
ated Summit, Greenland snowpack. havior of halobenzenes (such as chlorobenzene, 2- or 4-

Although the aforementioned studies point toward photo-dichlorobenzene, bromobenzene, and 1,4-dibromobenzene)
chemical pathways the emissions of organics are also influin ice (Klan et al., 2000; Kin et al., 2001). Photolysis of
enced by physical processing within the snowpack, whichrelatively concentrated10-4 mol L~1) frozen solutions of
in some instances can dominate over photochemical producchlorobenzene, for example, produced chlorinated biphenyls
tion. In the case of CkD, air-snow exchange of Gi© (PCBs) or terphenyls as the major products because of the re-
accumulated at or near the ice-air interface of snow grainsactant concentrations. Similarly, &to\a et al. (2003 a,b) re-
leads to fast equilibration, and to significant fluxes into the ported that chlorobiphenyldiols were the major products ob-
boundary layer (see refs in Table 4). In this case, emistained by UV-irradiation of 2- and 4-chlorophenot 10~/
sion is dominated by physical partitioning processes. Fomol L™1) in ice during laboratory studies at 253 K. Photo-
example, South Pole data suggest that net photochemicabolvolysis products (i.e. those resulting from reactions be-
production of CHO within the snow accounts for no more tween organic and water molecules) were obtained at tem-
than 20% of the total measured flux (Hutterli et al., 2004). peratures above 263 K and it was suggested that such trans-
The partitioning of other low molecular weight carbonyls formations must occur in a quasi-liquid layer. Subsequent
is less well understood. As mentioned above,3CHO fieldwork confirmed that the same phototransformations as
and CHC(O)CH; fluxes were approximated by Guimbaud observed in the laboratory can occur in natural sunlight in
et al. (2002) and the condensed phase analyses of Houdigmolar regions, such as Svalbard &l et al., 2003). The
et al. (2002) shows seasonal concentration trends in oppaoxic effect of these photoproducts was determined by Blaha
sition to thermodynamic expectations — implicating photo- et al. (2004) and found to be greater than for the parent
chemical production as a possible explanation for the obsermolecules, suggesting that such chemistry occurring in snow
vations. The modeling work of Grannas et al. (2002) in- and ice could be highly deleterious to the biosphere. Recent
dicates that both snowpack photochemical production andvork by Sprenkle and Grannas (2006) indicates that certain
temperature-dependent adsorption/desorption processes plagrsistent organic pollutants are also subject to photochemi-
a role in the observed diurnal variations of gas-phase lowcal degradation in snow/ice. Dubowski and Hoffman (2000)
molecular weight carbonyl compounds in the Arctic bound- investigated the photochemical degradation of 4-nitrophenol
ary layer. To understand the extent to which physical or pho-in ice pellets and found products similar to what is produced
tochemical processes dominate the measured fluxes of partiéa liquid water. Guznan et al. (2006b) reported that frozen
ular organic species will require further fundamental studiesaqueous solutions of pyruvic acid, irradiatedrat300 nm
of air/snow partitioning and a mechanistic understanding ofexibit paramagnetic signals corresponding to distant triplet
the processes that may produce these compounds in sunliadical pairs. The photodecarboxylation reaction was shown
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to proceed by the same mechanism with similar quantum eftroposphere. However, extensive snowcover and reduced di-
ficiencies in water and ice (Guan et al., 2006c, 2007). urnal radiation cycles at high latitudes result in greatly re-
Oxidation of aromatic and saturated aliphatic hydrocar-duced convective mixing and frequent conditions of shallow
bons and their derivatives (concentration =3010~> mol boundary layer depths and high atmospheric stability (see
L—1) by OH, photochemically produced from hydrogen per- Anderson and Neff, 2007). Consequently, snowpack emis-
oxide (concentration = 16—1072 mol L~1), in frozen aque- ~ sions are likely to be “trapped” in a thin air layer above
ous solutions was recently investigated byakland cowork-  the snow surface. Even differing boundary layer dynamics
ers (Klnowa et al., 2003a, b; Dolinova et al., 2007). While at various sites can have significant impacts on the vertical
aromatic molecules (benzene, phenol, or naphthalene) reextent of snowpack influence. For example, ozone gradi-
acted to form the corresponding hydroxy compounds, satents measured during the summer from a tethered balloon
urated hydrocarbons (methane, butane, cyclohexane) wer@t Summit were small and variable, and positive gradients
oxidized to alcohols or carbonyl compounds. When frozenin the lowest few hundred meters (on the order of a few
solutions containing nitrite or nitrate as well as aromatic ppbv) were observed more frequently than negative gradi-
compounds (such as phenol or 4-methoxyphenol) were phoents. These data pointed towards a small uptake of ozone
tolyzed, the principal chemical processes included nitrationto the snow (Helmig et al., 2002). In contrast, much more
hydroxylation and coupling reactions (Matykiewiczova et al., pronounced, negative ozone gradients were the predominant,
2007). However, the probability of any bimolecular reac- summertime condition at South Pole. Ozone near the sur-
tion occurring in the natural environment will ultimately de- face frequently exceeded two times the levels that were ob-
pend on organic contaminant local concentrations and oxiserved in the lower free troposphere (Helmig et al., 2007a).
dant availability at specific locations of the ice/snow matrix, Investigations of balloon sonde records further reveal that en-
as well as temperature, wavelength, and photon flux. hanced ozone concentrations near the surface are a predom-
Although only a few studies report specific speciation, andinant summertime phenomenon at South Pole (Crawford et
we are far from understanding the organic carbon mass ball., 2001; Oltmans et al., 2007). Due to the lack of diurnal
ance in snow, it is clear that there are a wide range of comfadiation cycles, stable boundary layer conditions with sup-
pounds existing both as particulates and in the QLL. Evi-pressed vertical mixing were noted to be more pronounced
dence suggests that these organic compounds play an impoand longer-lasting at South Pole than at other polar locations
tant role in the chemistry of snow and the overlying atmo- (Cohen etal., 2007; Helmig et al., 2007a). This causes snow-
sphere. There are still many unknowns including the chem{ack emissions at South Pole to accumulate to higher mixing
ical composition of organic compounds, the processes thafatios than at other sites. For example, mixing ratios of NO
deposit them to snow surfaces, their ability to partition be-in the first few meters above the surface were significantly
tween the air and snow, and the fundamental chemical proelevated and dropped to much lower levels at 100 m height
cesses that transform them within snow. Currently we areabove the surface (Fig. 11) (Helmig et al., 2007e).
able to predict the course of photoreactions of organic com- Under these enhanced NO levels, ozone production occurs
pounds in ice/snow qualitatively but have insufficient data toat rates reaching-3-6 ppbv day* (Crawford et al., 2001;
extrapolate the experimental photolysis rate values to thos€hen et al., 2004). Concentration gradients are directly re-
occurring in the natural environment. Similarly, experimentslated to the atmospheric lifetime of the chemical species.
that duplicate more closely the microphysical characteristic€9zone in the polar boundary layer has an estimated lifetime
of natural snow are required. that is about 2 orders of magnitude longer than for NO. This
causes ozone concentrations to decrease more slowly with
height, with surface enhancements extending to several hun-
5 Wider impacts of snow photochemistry dred meters above the surface (Fig. 11). Increased levels of
NO in air nearest the surface were also observed during sev-
From the data presented above, both direct measurements efal aircraft flights made over the Antarctic Plateau (Davis
fluxes, and also the highly unusual and unexpected chemicadt al., 2006). Various flights were made between South Pole
composition measured in some regions of the polar boundand McMurdo station, including a sortie to Vostok and flights
ary layer, it is clear that emissions from polar snowpacksto midway (Dome C). These flights showed that over much
influence the overlying boundary layer. Whether trace gagand possibly all) of the Plateau, NO levels were substan-
emissions from the snow have influences beyond the local ofially higher than those observed along coastal areas. Mix-
regional boundary layer is explored in this section. ing ratios of HQ and ozone production rates are expected to
be highest not right above the surface, but within a distinct,
5.1 The vertical extent of the influence of snowpack photo-several 10 s of meters high layer above the surface (Oltmans
chemistry et al.,, 2007). Given the non-linearity of HONOy chem-
istry and the resulting sharp changes of oxidation rates with
To have an atmospheric influence beyond the local boundarfeight, other chemical reactions are similarly expected to
layer, trace gas emissions from snow need to reach the highdrave strong height dependencies.
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Fig. 11. Comparison of the vertical distribution of NO (left) and ozone (right) during December 2003 at South Pole. These data are from
concurrent vertical profile measurements of NO and ozone using a tethered balloon. (figures adapted from Helmig et al., 2007a, 2007e).

An earlier set of aircraft profile measurements aimed atsurface NQ for Antarctica, with 10-fold increases in places,
investigating tropospheric ozone destruction events (ODEsyvhereas in the northern polar regions the impact of snow
were carried out during the 2000 TOPSE campaign, flyingemissions on surface NQvas considerably less. This is due
from Colorado, through the Hudson Bay area, to north ofto the much lower background concentration of N® the
Alert (Ridley et al., 2003). Several vertical profiles were con- southern hemisphere. The study concluded that release of
ducted to as low as 30 m over the surface, including over theNOy from the snowpack makes a significant impact locally
Arctic Ocean. At 30 m no evidence was found of an impact of over Antarctica, consistent with observations.

a surface source of NQwhile the CHO data were consis- Another question is whether the chemistry driving emis-
tent with a significant impact of surface emissions ofOH  sions from snow is occurring at other altitudes in the at-
The authors also concluded that surface sources of HONGnosphere. Cirrus clouds, for example, are radiatively im-
had no impact by 30 m, based on the quite low levels of OH.portant in the atmosphere and also provide surfaces for het-

On the other hand, the halogens responsible for ODEs caBrogeneous reactions. Laboratory studies have shown that
have quite significant mixing ratios up to heights of severalHNO3 can be taken up by ice surfaces at tropospheric tem-
kilometers (eg. tnninger and Platt, 2002; Friess et al., peratures (e.g., Hudson et al., 2002) and observations of up-
2004; Hinninger et al., 2004), and associategl I@ss has take of HNG by cirrus are accumulating (e.g., Weinheimer
also been observed to 1 to 2 km (Leaitch et al., 1994; Solbergt al., 1998; Popp et al., 2004; Ziereis et al., 2004). A
et al., 1996; Bottenheim et al., 2002; Ridley et al., 2003; long-standing issue within atmospheric chemistry is that nu-
Tackett et al., 2007). Please see more discussion on haloganerical models generally overestimate HMROy ratios in
chemistry and ozone in Sect. 4.3 and Simpson et al. (2007).the upper troposphere (e.g., Chatfield, 1994; Brunner et al.,

2005). Various model studies have considered different vari-
5.2 Global/regional impacts: modeling assessment and obables that might affect this ratio, such as lightning and con-
servations vective transport from the polluted boundary layer (Brunner
et al., 2003; Staudt et al., 2003), and heterogeneous reac-
Afirst study to assess the global impact of the release gf NO tions on sulfate aerosol (Tie et al., 2003). Calculations indi-
from the snowpack was carried out by Carver et al. (2004) cate that the photolysis of NQon cirrus ice particles is too
They used the chemical transport model p-TOMCAT (Sav-Slow to improve model overestimations of the HMRO
age et al., 2004) which includes a detailed inventory o§NO ratio (Chu and Anastasio, 2003), but there might be other ice
emissions, including for example, lightning and ship emis-chemical processes that are significant in this conversion.
sions. A number of multiannual integrations were carried out
with the model to assess the impact of the release of snow5.3 Implications of snow photochemistry for the ice core
pack NQ,. Different scenarios were used in which the NO community
emission rate was varied to look at the sensitivity of model
results to the emission rate. The N@mission was taken to Ice cores are powerful archives detailing how the Earth’s
occur over all snow covered regions around the globe duratmospheric composition and climate have changed over
ing sunlit hours (solar zenith angle 90). Results from time (e.g. Legrand and Mayewski, 1997; EPICA community
the model runs show that the estimated globalyNnis-  members, 2004). Provided there are no significant produc-
sion from snow is less than 1% of the global total. The po-tion or loss processes in the firn column and/or air bubbles,
lar regions accounted for most of the emissions due to theéhen the composition of air trapped in ice is representative
longer day compared to lower latitudes. Model results for aof the overlying air, which, in the case of trace gases with
realistic emission scenario showed very large differences idong lifetimes, may also represent an “average” hemispheric
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or global concentration. For Antarctic ice, this condition is scribe the physical air-firn equilibria, but that we may be able
more or less met, so that ice cores have provided us with deto finesse the photochemical processes in the upper layers.
tailed records of Clj, CO,, and NO over timescales up to  More difficult is the relationship between the chemistry of
800 kyr (Siegenthaler et al., 2005; Spahni et al., 2005) . Thehese compounds in the polar boundary layer and any glob-
question, then, is whether photochemistry occurring in theally relevant properties. This is certainly heavily influenced
snowpack influences the preserved concentrations of minoboth by the confined nature of the boundary layer and by
impurities, with a consequent effect on our ability to inter- photochemical production and physical emission from snow
pret them. and ice: for example, at South Pole, concentrations of both
Ice cores hold the potential to tell us about other aspectsnolecules are several times higher in the lowest levels of the
of atmospheric chemistry, e.g. changes in the oxidative caatmosphere compared to those calculated from models that
pacity or in NQ, chemistry. The primary molecules and ignore emissions from the snowpack (Hutterli et al., 2004).
radicals involved, however, are short-lived, so the emphasis For nitrate in snow, the situation is also complicated. It
has been on studying more stable reaction products, such dmms been calculated that, for snow accumulation rates and
CH20 (Staffelbach et al., 1991) andB8, (Sigg and Neftel,  actinic fluxes typical for central Antarctica, as much as 40%
1988) for the oxidative capacity, and §@or NO, chemistry ~ of deposited nitrate might be photolyzed in the snowpack
(Wolff, 1995). Unfortunately there are two issues: (a) the ice (Wolff et al., 2002). Although 40% might seem significant
record is derived from the polar boundary layer and may be(and recent findings of deeper light penetration into polar
disconnected from the relevant global or regional picture; (b)snow would suggest even larger photolytic losses, Warren et
many of the important chemicals are found in the snow phasal., 2006), it turns out that central Antarctic sites undergo
and are poorly preserved as the snow is compacted into firfiuge losses of nitrate (in extreme cases by a factor 100)
and then ice. Snow photochemistry is relevant to both thes€¢Rothlisberger et al., 2000), and these losses continue down
issues. For the latter issue, the importance of snow phototo 50 cm or more, where photolytic losses should be small.
chemistry depends on the residence time in the photic zon#t therefore seems likely that physical losses of nitric acid
and how this compares with the photolytic lifetime of the im- dominate over photochemical losses, a suggestion that seems
purity. With an e-folding depth of actinic flux on the order of to be confirmed by measurementssé?N in nitrate in firn
5-25 cm, snow layers at low accumulation rate sites, such aBlunier et al., 2005) (see earlier discussion). In coastal sites
in central Antarctica, remain under the influence of light for with higher snow accumulation rates, smaller losses of ni-
as much as several years and can undergo particularly intenseate can be expected despite the somewhat higher actinic
photolytic loss. fluxes. However, we know that snow photochemistry very
For both CHO and HO;, it seems now to be well- much dominates the NOchemistry of the boundary layer
established that both physical (Hutterli et al., 2002, 2003)at some sites (Davis et al., 2001), and so there probably is
and photochemical (Sumner and Shepson, 1999) processeasclose relationship between snow nitrate concentrations and
alter the concentrations preserved in polar iceOplin ei- local NGy concentrations, but with the large snow reservoir
ther the gas or aqueous phase would have a photochemicdbminating the system. More interesting at the larger scale
lifetime of several days in the upper layers of snow; thereforeis to investigate how the input from outside the combined
if it can reach the surface of snow grains it can be photolyzedirn-boundary layer box influences the nitrate concentration
to OH (which itself may then influence the concentrations preserved in snow and ice, and modeling studies are needed
of other molecules). However, physical exchange Ol  to investigate this further.
between the gas and snow phase is not limited to the photic A secondary effect of the photochemistry might also be to
zone, making it likely that physical processes determine thenduce an artificial seasonal cycle, because snow deposited
H20 ice core record and no measurable influence from phojust before the winter is buried before it can be significantly
tolysis is expected, since surface snow is buried by subsephotolyzed. Alternatively, redeposition of nitric and perni-
quent snowfall and moved rapidly below the photic zone.tric acid formed from N@ generated in the top 10-20cm
Decadal averages of @, preserved in the West Antarc- of the snowpack could create a summertime surface peak in
tic Ice Sheet show indeed a strong correlation to local acitrate that actually represented redistribution of nitrate that
cumulation rate (Frey at al., 2006). For @Bl production  accumulated over much longer times (nearly a year at South
from organic material in the ice (Sumner and Shepson, 1999Pole, or several years at very low accumulation rate sites in
Grannas et al., 2004) and photolysis to CO (as one possieentral east Antarctica).
ble product) (Haan et al., 2001) may both occur, but again One further comment is that under conditions of the last
it seems likely that physical uptake and loss dominates theglacial maximum (LGM) we expect compounds such as ni-
final preservation of the molecule in the ice sheet (Hutterlitric acid to be “fixed” by reaction with alkaline dust material
et al., 2003, 2004). The implication is that, for these com-in the air or the snowpack @hlisberger et al., 2002). Under
pounds, to understand the relationship between concentrdahese conditions, physical exchange probably becomes negli-
tions in the overlying air and those preserved in firn beneattgible, and photochemical loss may also be reduced (if nitrate
the photic zone, we need to concentrate on models that deio longer sits on the outside of snow crystals). Such changes,

Atmos. Chem. Phys., 7, 4328373 2007 www.atmos-chem-phys.net/7/4329/2007/



A. M. Grannas et al.: Review of snow photochemistry 4359

induced ultimately by climate, must also be considered. the tower gradient methods. For many of the gases of inter-

In summary, although snow photochemistry is clearly very est, such instrumentation is currently not available. Further-
important for the chemistry of the polar boundary layer, more, micrometeorological flux measurement approaches of-
physical exchange seems to be a more important determiten fail under the frequently highly stable conditions over
nant of what is preserved in deeper firn. If, however, wesnow, therefore improvements in micrometeorological meth-
want to learn anything of more than local interest from theseods for flux measurements under stable conditions are desire-
concentrations, we need to use modeling to determine whiclable. Finally, much of the previous snow research has been
influences from a more regional or global scale can still bedone in polar environments. In order to assess the influence
discerned in the preserved concentrations, despite the conglobally, flux measurements are also needed at snow-covered
plications of the boundary layer/firn reactor. non-polar locations.

To date, few studies have focused on snow photochemistry
occurring in mid-latitude regions. It is likely that snowpack
photochemistry will be very active at lower latitudes, due to
lower solar zenith angle, increased irradiance and higher con-

There are currently a number of major constraints limiting rati ; " ithi itrat
progress in our understanding of snow phase photochemistrge_n rations of reactive precursors within show (nitrate, per-
xide, organic materials, etc). It could also be expected that

and its impacts on atmospheric composition. These are is:

sues for field, laboratory and modeling studies, as discusseﬁr‘e qhem!stry occurring In the QLL would be more ac;tlve
at mid-latitudes, as the liquid water content of a relatively

6 Current limitations

here. warm mid-latitude snowpack would be larger than in a much
6.1 Field studies colder, high latitude snowpack. However, the overall impact

of snowpack emissions to the overlying boundary layer may
6.1.1 Infrastructure and access for field studies be less due to the proximity to anthropogenic influences of

e.g. NQ.. To assess the influence of mid-latitude snow on at-

Field studies in polar environments are highly challengingmospheric chemistry will require further field studies in these
and the difficulties of accessing these regions with appropritegions.
ate instrumentation are significant limitations in the study of
snowpack photochemistry. For example, there are only alim6.1.2 Instrumentation for field studies
ited number of fully supported field laboratories in polar re-
gions, and to allow detailed chemical and physical analysisA crucial question concerns the impact of snowpack photo-
they must have access to uncontaminated snow and ice arghemistry on the overlying atmosphere, as outlined in Sect. 5.
clean air. Field stations may be carefully located to minimize To address this question in the field it is currently necessary
contamination, but an important area of research is in develto use instrument platforms such as tall towers, tethered bal-
opment of renewable (non-fossil) sources of electric poweroons, released balloons, blimps, and/or aircraft. For several
for research in these extreme environments. This is currentlpf these platforms, associated instrumentation must be light
happening at the GeoSummit station Greenland, but similaweight and low-power, and such instrumentation currently
sites are needed elsewhere in the Arctic and Antarctica. Furenly exists for a very limited suite of molecules. Instrumen-
thermore, the harsh conditions associated with polar researciation must also be developed for remotely sensing the verti-
lead naturally to the majority of research being carried outcal structure of the atmosphere, including variations in com-
during the summer months. To really probe the processeposition, over the snowpack.
at work extended measurement campaigns with year-round Making gas phase measurements within the snowpack in-
duration are necessary. terstitial air is difficult, particularly for some molecules at

Assessments of trace gas fluxes out of the snowpack cawery low mixing ratios. Gas phase sampling rates can be on
be used to parameterize numerical model calculations intdhe order of many liters of air per minute, which leads to ef-
wider impacts of snow photochemistry. These fluxes are inficient artificial ventilation of the snowpack from ambient air
fluenced by a number of variables, including atmosphericabove (or interstitial air below) the point of sampling (Albert
stability, frequency of fresh snow fall events, snowpack con-et al., 2002). This will lead to a potentially mixed signal of
centrations, and changes in irradiance. More flux measureboth interstitial and boundary layer air and may mask real
ments carried out during all seasons and addressing a wideroncentration differences that exist between these two loca-
range of chemical species are required and these experimentisns. Passive sampling methods could be developed (such
should also aim at differentiating between contributions fromas those currently used for persistent organic pollutants, e.g.
physical and photochemical sources. Flux measurementBarrar et al., 2006), however these often require long expo-
are experimentally very challenging, as they require either asure times, so high resolution measurements would be pro-
method for the fast and selective measurement of the specidsbited. Additionally, incorporation of such samplers into the
of interest for eddy correlation measurement or highly pre-snowpack is difficult to achieve without disturbing the very
cise and accurate measurements for flux determinations bgynedium they are intended to study.
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6.2 Laboratory studies of producing high-time resolution records of concentration
and isotopic composition.

6.2.1 Laboratory studies on snow surfaces ) _ _ )
6.2.3 Nano/micro-scale physical and chemical analysis

Laboratory studies of snow surfaces are severely limited by
the techniques used to generate the frozen samples studie
Often the analytical detection limits of instrumentation used.

to monitor processes are well above the typical ambient Ievelstry in the snowpack. As discussed earlier, reactants can be
P : . yp ocated on snow crystal surfaces and can also be dissolved
of a reactive species present in a natural snowpack. Thus

Within the ice crystal lattice, trapped in aerosol particles,

Investigators may find it necessary to use high solute CoN4t grain boundaries or in pockets of concentrated solutions

centrations (relative to W.hat IS present na n.aFuraI SNOW SaMg. o could for example be formed during riming. Knowing
ple). If solute concentrations are very high, it is possible tha

complete freezing will not be achieved and the ex eriment-Where reactants reside is fundamental to theoretical studies
P ZIng o - P of snow photochemistry. The issue of the physical environ-
tal surface being studied is actually a liquid and not a true

: o ment is a difficult one and has been the subject of only a
d|sorderefj_ QLL. Add_ltlonally, samples frozen under Iabora-ffew studies. Scanning electron microscopy/energy dispersive
tory conditions certainly do not represent the true nature o

a natural snow formed by e.g., condensation of water va O?pectrometry (SEM-EDS) work (Obbard et al., 2003; Bames
S ye.g., ) ‘POL nd Wolff, 2004) suggests that the location of reactants can-
onto IFN or riming. Regardless, laboratory studies provide

important information about the nature of the surface reac-nOt be explained by considering only the nature of the re-
mp o . . = actant. Most likely, interactions between different species
tivity of species in frozen matrices and mechanistic consid-

. . . . . come into play, as well as the mechanism of formation of the
erations that prove invaluable to field and modeling studies play

) i ~ -~ "Tice. More studies of natural snow using a variety of advanced
and efforts to improve laboratory techniques are contmumg.microscopic and spectroscopic techniques (e.g., SEM-EDS

extended x-ray absorption fine structure (EXAFS), atomic
6.2.2 Chemical analysis of snow force microscopy (AFM), SFG, SHG, NMR) are in order

if we wish to progress on these aspects. The relevance of
There is substantial uncertainty about the chemical naturgeactions on deposited aerosol that is incorporated into the
of important snowpack reactants and chromophores, particusnowpack as reactive sites cannot be addressed with current
larly for organic constituents. The chemical analysis of snowmethods. The relative importance of reactions in the snow-
for organics is complicated by the fact that much of the or- pack interstitial air, on aerosol particles, in the QLL or other
ganic matter in snow derives both from biota and from bac-sites is unknown at this point but crucial for our quantitative
teria (Sattler et al., 2001; Grannas et al., 2004) and may be imnnderstanding of the processes and for our ability to eventu-
both dissolved and particulate phases. Analysis of meltwa-ally include these processes in detail in numerical models.
ter samples will not be representative of the original distribu- Furthermore, we currently have a very limited understand-
tion of organics between the dissolved and particulate phasedng of the kinetics of reactions occurring on/in snow. Indeed,
thus it is imperative that techniques be developed that carthere are numerous unknowns that must be tackled before we
probe the snow chemical environment in situ. This will prob- can routinely predict the rates of these reactions. For exam-
ably take the form of advanced microscopic or spectroscopi@le, the concentrations of OH and other oxidants on snow
techniques, such as scanning electron microscopy (SEM)grains must be measured in order to estimate the reaction
nuclear magnetic resonance (NMR) or non-linear spectrorates between oxidants and snow grain contaminants. In ad-
scopic methods such as sum frequency generation (SFG) ddition, the rate constants for these snow grain reactions must
second harmonic generation (SHG). Similar issues exist fobe determined. It is currently unclear whether rate constants
measurement of pH on the surfaces of snow crystals/graing;an be estimated from solution data or whether they are spe-
pH of the intact QLL, for example, is likely to be signifi- cific for ice at a given temperature and composition. While
cantly different to that of the melted crystal. We note also quantum vyields for the direct photolysis of chromophores
that stable isotope studies on trace species in snow and aguch as nitrate and hydrogen peroxide behave similarly in so-
is a fast growing field with interesting potentials on key pro- lution and ice (e.g., Chu and Anastasio, 2003, 2005), second-
cesses taking place in the firn/snow interface. Isotope fracerder thermal reactions that require collisions between the
tionation factors are a good indicator of kinetic processestwo reactants are likely to be not as well behaved. Direct pho-
with the possibility of differentiating between physical and tochemical reactions of organic compounds probably also
chemical processes. Sensitivity is constantly improving andplay a significant role in chemistry occurring on snow sur-
new techniques based on spectroscopy methods (e.g. cavifaces, but understanding these processes will require deter-
ring down spectroscopy) are emerging with the advantagemining the identities of the organics, their light absorption
of in situ, passive and non-disturbing analysis coupled withproperties and quantum yields for reaction, and the products
light weight and low energy consumption equipment capableformed.

major set of issues for snowpack photochemistry lies
ithin the physical realm of the reactants and photochem-
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6.3 Modeling studies the analytical techniques available to study processes at the
microscopic and molecular level) are not insignificant.

The real test of our understanding of snowpack photochem- The Earth’s cryosphere is undergoing significant change.
istry is whether the first principle based numerical modelsReductions in sea ice extent in both the Arctic and parts of
can simulate observations. The challenges currently prethe Antarctic are already reported, and further reductions as
sented to us involve not on|y incomp|ete, or lack of, under-We” as decreases in global land snowcover are anticipated.
standing of the polar physical and chemical processes (e.glhese changes will affect the influence of snowpack photo-
snow chemistry and air-snow exchanges) but also scarce m&hemistry, adding urgency to our current task of understand-
teorological observations necessary for model simulations iing and quantifying relevant processes. For example, a re-
polar regions. One critical need is for specific, lower di- duction in global snowcover (both over land and ocean) will
mensional models, based on first principles and including alleduce the net emission of trace gases from snow into the
relevant chemical species, to describe the chemistry of thé@tmosphere while increasing processes that occur on the un-
atmosphere-snow system. Development of modules descritfierlying surfaces. In addition, changes in precipitation rates
ing chemistry occurring in the QLL and ice grains is at early Will affect scavenging processes. The modeling studies car-
stages. These modules will need to be coupled to models ofied out to date, as well as field observations, suggest that
the transport processes that exchange reactants and produ&gsluctions in snowpack emissions are likely to be regionally
between the several condensed phases and the firn air withifnportant, but the direct effect globally has not yet been ad-
the snowpack, and between the Snowpack and the Over|yingressed. Secondary effects mlght also be anticipated from a
lowermost part of the a‘[mospheric boundary |ayer_ Heterogefeduced albedo, which will reduce phOtO'ySiS rates and hence
neous processing within this lowermost boundary layer alsghe fate of snowpack products. Similarly, changes in atmo-
needs to be simulated because uptake by aerosol, fog arfiPheric stability and mixing, resulting from increased heat
snowflakes contributes to recycling of reactive species emitinputs will tend to dilute the concentrations of species emit-
ted from snow; reactions in these atmospheric condensetfd from the surface, again slowing photochemistry. Further,
phases may also transform the emitted species to differeriface gases emitted from snow or influenced by these emis-
chemical forms. Such a unified 1-D model could then link sions (e.g., OH, NO and halogens) are involved in produc-
the snowpack and boundary layer to the free tropospheréion of CCN from DMS. Reduced snowpack photochemistry
above sunlit snow. A long-term goal is to couple such snow-would decrease DMS oxidation rates and hence CCN pro-
pack models to 3-D atmospheric chemistry transport modelgluction. Finally, as discussed earlier (and see also Simpson
to allow calculations of snowpack photochemistry and inves-€t al., 2007), concentrations of polar boundary layer ozone
tigate its impacts over large geographical areas as well as there also affected by snowpack photochemistry. In polar re-

impact of transport from lower latitudes on snowpack chem-gions, the radiative impacts of ozone are more important than
ical compositions. at lower latitudes due to lower concentrations of water va-

por. Hansen et al. (2005) have concluded that tropospheric
ozone is an important contributor to warming and sea ice loss
in the Arctic. However, in particular through the reactions
7 Conclusions involving halogens, there is an intriguing positive feedback
between sea ice loss, and the contribution of tropospheric
The capacity for snow on the Earth’s surface to ozone to radiative forcing, as loss of sea ice may cause re-
photochemically-generate reactive trace gases and reduced ozone depletion events and higher ozone levels, with
lease them into the overlying atmosphere is an importanincreased radiative forcing and warming from tropospheric
phenomenon that has only recently come to light. Measureozone.
ments in both polar regions have shown that emissions from It is thus clear that a warming climate will affect trace gas
snow are fundamental to driving local and regional boundaryemissions from snow and all the subsequent processes that
layer chemistry; early modeling studies are exploring thethese emissions influence. It is essential that we build on our
global effect. The scientific community has made significantcurrent knowledge in order to develop comprehensive nu-
progress in understanding snow photochemistry since itsnerical models that can address issues of snow photochem-
initial discovery. Field measurements investigating gas-istry and its influence on the regional and global atmosphere
phase, aerosol-phase and snow-phase chemistry have bebath now and in a future warmer world.
undertaken in a variety of locations. Laboratory studies have
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