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Abstract. Snow on the ground is a complex multiphase pho-1 Introduction

tochemical reactor that dramatically modifies the chemical

composition of the overlying atmosphere. A quantitative de-1.1 Context and general objectives

scription of the emissions of reactive gases by snow requires

knowledge of snow physical properties. This overview de-During the boreal winter, snow coverage includes most land
tails our current understanding of how those physical propermasses north of SN, a significant fraction of land masses
ties relevant to snow photochemistry vary during snow meta-between 40 and 5N, the whole Arctic ocean and Antarc-
morphism. Properties discussed are density, specific surfadéca (e.g. Pielke et al., 2004), representing about 14% of the
area, thermal conductivity, permeability, gas diffusivity and Earth’s surface. Snow on the ground is a porous medium
optical properties. Inasmuch as possible, equations to pawith a high surface area, it is fairly permeable and transmits
rameterize these properties as functions of climatic variablegght, and snow can for these reasons be suspected of being an
are proposed, based on field measurements, laboratory egfficient multi-phase photochemical reactor whose products,
periments and theory. The potential of remote sensing methafter release to the atmosphere, could dramatically affect at-
ods to obtain information on some snow physical variablesmospheric composition. Physical properties of the snow that
such as grain size, liquid water content and snow depth araill determine its efficiency as a photochemical reactor in-
discussed. The possibilities for and difficulties of build- clude its surface area, its ability to transmit light and its per-
ing a snow photochemistry model by adapting current snowmeability to facilitate the release of reaction products. It is
physics models are explored. Elaborate snow physics modelgiteresting to compare the physical properties of the snow
already exist, and including variables of particular interest tocover to those of other surface covers, such as soils and veg-
snow photochemistry such as light fluxes and specific surfacetation, in particular forest. The Snow Area Index (SAl), de-
area appears possible. On the other hand, understanding tiiged by Taillandier et al. (2006) as the vertically integrated
nature and location of reactive molecules in snow seems tsurface area of snow crystals (ir’rof snow surface area

be the greatest difficulty modelers will have to face for lack per n? of land surface area), is about 1000 for the subarctic
of experimental data, and progress on this aspect will requirénowpack in Alaska (Taillandier et al. 2006, and 2000 for the
the detailed study of natural snow samples. Arctic snowpack (Domine et al., 2002). In contrast, the Leaf
Area Index (LAI) is usually below 10 (e.g. Bremond et al.,
2005) and the soil area index is around 80000 (Petersen et
Correspondence td=. Domine al., 1996), using a depth of interaction with the atmosphere
(florent@Igge.obs.ujf-grenoble.fr) of 5mm. However, soils have a permeability to air that is

Published by Copernicus Publications on behalf of the European Geosciences Union.



172 F. Domine et al.: Snow physics as relevant to snow photochemistry

such as NQ (Jones et al., 2001; Honrath et al., 2002; Beine
et al., 2002), HONO (Zhou et al., 2001; Beine et al., 2006),
H20, (Hutterli et al., 1999; Jacobi et al., 2002), HCHO and
other carbonyl compounds (Sumner and Shepson, 1999; Hut-
terli et al., 1999, 2002; Grannas et al., 2002; Jacobi et al.,
2002), hydrocarbons and chloro-hydrocarbons (Swanson et
al., 2002), organic acids (Dibb and Arsenault, 2002), and
halogens (Spicer el al., 2002). Moreover, the complete de-
struction of ozone (Bottenheim et al., 1990) and the depo-
sition of elemental mercury by the action of halogens (Stef-
fen et al., 2002) in the lower polar troposphere have been
traced back to processes that originate at least in part in the
snow (Simpson et al., 2088 so that snow plays an impor-

Uiiaisbiy tant role in the composition of the planetary boundary layer

atmosphere

| determined by | over snow-covere_d areas. _

\1 permeability However, elucidating the processes responsible for the
\ > diffusivity guantitative understanding of these emissions remains a chal-
' lenge. For example, HONO is thought to be formed from the
photolysis of the N@Q ions contained in snow, but HONO
emissions have been observed above some snow-covered ar-
eas (Zhou et al., 2001), and not detected over others where
conditions for emissions were thought to have been met
(Beine etal., 2006). Part of the problem is that snow is a com-
plex multiphase system whose chemistry cannot be treated
as in a homogeneous gas phase. Two reactants that are found
Fig. 1. Schematic illustrating the physical variables that determineto be present in snow by analytical techniques such as ion
the snow-to-atmosphere flux of NGlue to the photolysis of ad-  or liquid chromatography may be in two distinct phases and
sorbed NG . These variables include ligltfolding depth, snow  are thus not in contact. Another difficulty concerns the wide
specifig surface area, density, permeability and diffusivity (see text). 5riation in physical properties such as grain size and air per-
Figure in part taken from Domine and Shepson (2002). meability that is found in deposited snow. If some stages of

a reaction scheme requires solid phase diffusion of a species
very low, of the order of 1012m? (Iversen et al, 2003) while  to the ice crystal surfaces, as suggested in the production of
snow permeabilities are aroundm? (Albert and Schultz, NOy from NO; photolysis (Beine et al., 2003 and 2006),
2002) while forest permeability is clearly much higher. Light areas with large-grained snow on the ground will be less pro-
penetration can be quantified by #héolding depth (the dis-  ductive than those with small-grains. Reactive gases pro-
tance over which the actinic flux is divided l2). Forest duced in snow need to diffuse or be advected out of the snow.
havee-folding depth values of at least several meters, evenn areas with less permeable snow, the residence time may be
in dense tropical forests (Koop and Sterck, 1994), snowpacksufficiently large to allow those gases to react with other reac-
have values around 20 cm (Simpson et al., 2002a) while soilsants contained in snow, resulting in no observed emissions,

have values below 1 mm. even though production did take place.
It therefore appears likely that the multi-phase photochem- These examples illustrate that emissions of reactive gases
ical activity of soils will be severely limited by theie- from snow on the ground depend on its chemical composi-

folding depth, while that of forests will be limited by the low tion, on the distribution of chemical species between the dif-
LAI values, except perhaps when snow is present on treeferent phases that form the snow, on the mobility of reactants,
(Pomeroy et al., 1999). Snowpacks have intermediate perand on the physical properties of the snow. Figure 1 uses a
meability, SAl ande-folding depth values and therefore ap- very simplified scheme of Nfproduction from NQ pho-
pear good candidates to be efficient multi-phase photochemtolysis to illustrate the necessity to include snow physics in
ical reactors. This suggestion is consistent with observationshe description of its chemical emissions. One of the pro-
that atmospheric chemistry over snow surfaces is strongly afposed channels for NDphotolysis in snow is (Honrath et
fected by contributions from snow emissions, as discussed@l., 1999; Jacobi and Hilker, 2007):

by Domine and Shepson (2002) and detailed in the recent, _

review of Grannas et al. (2007) in this special issue. For ex-NOB +hv—>NO + 0 @
ample, the presence of a snow cover can result in a 10-fold  1sjmpson, W. R., Phillips, G. J., Taillandier, A.-S., and Domine,
increase in OH concentrations (Mauldin et al., 2001; DomineF.: Testing the relationship between snow optical properties and
and Shepson, 2002). Snow is also the source of reactive gasepecific surface area, in preparation, 2008.
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F. Domine et al.: Snow physics as relevant to snow photochemistry 173

The rate of N@ production in snow interstitial air per unit be used and modified to contribute to a coupled air-snow
volume Wo,,snow iS then proportional to the light actinic chemical model.

flux (i.e. the spherically-integrated light intensi)ign: and

to the concentration of ND adsorbed onto the surface of 1.2 Brief definition and description of surface snow layers
snow crystals [NQ]ags expressed in moles per éraf snow. _

®jight is proportional to the light flux incident upon the snow N the common vocabulary, the snow on the ground is usu-
surface ®incident and will depend on light attenuation by ally called “snow”, a term that also applies to snow crystals
snow. When the light flux is isotropic, and this happens ain the atmosphere. This paper discusses seasonal snow on
few cm below the surface (e.g. Simpson et al., 200®agpt the ground where the terms “snowpack” and “snow cover”
decreases with depth z as expf)zWheres is the snowe- are commonly used, but also refers to snow on the surface of
folding depth. If we make the simplification that adsorbed ic€ sheets and glaciers, where S}JCh terms are less meaning-
NO; comes from the adsorption of gas phase HN®en ful, because of the slow and continuous transition to ice. We
[NO; Jadsis proportional to the specific surface area of snow therefore refer to snow that has been deposited on the earth

(SSAin cn? g~1), to the snow densitydn gcnt3) and to surface simply as “snow”. Our discussions do not specifi-
the p;artial pressu're of HNE Panos. We then have: cally address snow falling through the atmosphere.

Because we are interested in snow-atmosphere interac-

VNO2.snowX PHNO3X PincidentX SSA X p X e 3/t (2) tions, our main focus will be surface layers, which most read-
ily interact with the atmosphere. Defining the snow depth
of interest is necessarily arbitrary. The photic zone is the
depth down to which light penetrates, and this is often de-
scribed as the-folding depth of total shortwave energy ex-
tinction, which is of the order of 10 to 20cm (Simpson et
al., 2002a; Perovich, 2007). Snowpack ventilation by wind
may under certain topographic conditions take place down to
50 to 100 cm (Albert and Schultz, 2002; Albert et al., 2002);
although it is mostly restricted to the depth of surface rough-
ness (Clifton et al., 2007). Therefore, our interest will in gen-
eral be focused on the top 50 cm of the snow, hereafter called
“surface snow”. When only the most superficial layers will
Equation (3) shows that the oversimplified description of be of interest, we will refer to “the photic zone”.
snow-to-atmosphere NOfluxes from NG photolysis re- Deposited snow most often originates from the discontin-
quires the knowledge of five physical properties of snow :uous precipitation of snow on the surface, resulting in a lay-
specific surface area, densityfolding depth, permeability ered structure (Colbeck, 1991). Other processes contribute
and diffusivity. A more complete treatment would also men- to the development of layering in snow, such as rain that sub-
tion that the absorption cross section and quantum yield osequently freezes inside the snow, and the condensation of
reaction (1) may be temperature-dependent, so that the snoatmospheric water vapor on the snow surface, that forms ice
temperature also comes into play. This variable is determinearystals known as surface hoar (Colbeck et al, 1990; Cabanes
by the surface energy balance and albedo, the density, thet al., 2002). Dry snow is therefore a layered medium that is
permeability, and the thermal conductivity of snow. The pur- composed mostly of ice crystals and air. A property com-
pose of this paper is to present an overview of current knowl-monly used to describe the proportion of these two phases is
edge on the physical properties of deposited snow, in order téhe snow density, which varies between 0.01 gérar even
assist modelers in their inclusion of snow physics in couplediower for fresh dendritic snow to 0.61 g criifor hard wind-
air-snow chemical models. packed snow (e.g. Gray and Male, 1981; Sturm and Ben-

Below we define the snow properties more precisely, weson, 1997; Judson and Doesken, 2000; Domine et al., 2002
give a brief description of the dynamic character of snow,and unpublished results). The most common density values
and we briefly list the physical properties relevant to this for snow are between 0.2 and 0.4 gchso that on a vol-
overview. The main section of the paper then details ourume basis, snow is mostly formed of air. Snow also con-
knowledge of the selected physical properties, as studied itains aerosol particles that have been either scavenged from
the field. Field studied are irreplaceable, but their drawbackthe atmosphere by snow crystals during precipitation (Franz
is that such measurements may lack spatial representativitand Eisenreich, 1998; Lei and Wania, 2004), or deposited
Upscaling field data can in principle be done by remote sensinto snow on the ground by the circulation of air driven by
ing methods and we therefore show in a subsequent sectiosurface wind (Cunningham and Waddington, 1993; Harder
how remote sensing may complement field studies in the deet al, 2000; Domine et al., 2004). Depending on the en-
termination of snow physical properties. The final sectionvironment, the total concentration of particulate species in
discusses current snow physical models, and how these magnow can show large variations, from less than 0.1 ppmw in

A subject of great importance to atmospheric chemistry is
the snow-to-atmosphere flux of NOFno2atm. TO a first
approximation, this will be proportional t¥no2 snow and
will depend on the way N@produced in the snow will be
transported out of the snow. A priori, this will depend on the
diffusivity of the snow,Dsnow, if diffusive transport predomi-
nates, and on the snow permeabilfy if advective transport

is more important. Overall, we have:

FNo2,atmX PHNO3X Pincident €))
><SSA><,0><e_Z/‘S X f(Kp, Dsnow
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174 F. Domine et al.: Snow physics as relevant to snow photochemistry

central Antarctica (Proposito et al., 2002) to 100 ppmw for near GC, while its surface can be much colder, resulting in
coastal snow subjected to sea spray (Beine et al., 2006) ttypical values of the temperature gradient of 10 t6Gen 1.
values as high as 0.037% by weight when dust storms deThese temperature gradients produce gradients in water va-
posit huge amounts of mineral dust aerosol into the snowpor in the snowpack interstitial air. For example, a 1 m thick
(Painter et al., 2007). Ice crystals within the snow also con-seasonal snowpack with a basal temperature°@f &d a
tain dissolved gases such as®4, HCHO, HCI and HNQ@ surface temperature 6f15°C will have a water vapor pres-
(Domine et al., 1995; Legrand et al., 1996; Hutterli et al., sure gradient of 444 Pamh that will generate upward water
2002 and 2004) that are incorporated within their crystallinevapor fluxes, maintained by a net sublimation of lower layers
lattice. Dry snow is thus a complex porous multiphase sys-and a net condensation in upper layers (Colbeck, 1983), with
tem formed of air, ice with dissolved gases, and any of thea possible loss of water vapor to the atmosphere. Overall, it
types of aerosols present in the lower troposphere. Snow oris observed that snow crystals grow during metamorphism,
the ground is in contact with the atmosphere through the netresulting in a decrease in their specific surface area and in
work of open pores. Even ice layers that are seen as thickhe modification of other snow physical properties. These
and continuous to the naked eye have some degree of permeariations are complex and are also affected by other factors,
ability (Albert et al., 2000). such as wind that transports and compacts snow crystals and
On glaciers and ice sheets, where snow accumulates ovetmospheric relative humidity that affects the snow mass bal-
many years, the open network of pore space continues dowance.
for many tens of meters as the snow evolves into firn (a Dry snow metamorphism is often devided into two types,
term for snow older than one year) and finally becomes com-depending on the value of the temperature gradient (Som-
pressed into solid ice with only bubbles of air remaining. The merfeld and LaChapelle, 1970). When the temperature gra-
depth at which there ceases to be connected pathways of imient is low, differences in curvature between adjacent snow
terstitial air is called the depth of pore close-off, which is typ- grains have a role in vapor transport, and the term “equi-
ically found in the range 60 to 105 m depth depending on thetemperature” (ET) metamorphism is used. When most of
local climate (Barnola et al., 1991). In polar regions with low the water vapor transport is caused by the temperature gra-
accumulation there are large areas (such as East Antarctica)ent in the snowpack, the term “temperature-gradient” (TG)
where the top 50 cm is firn that can be 10 years old, possimetamorphism is used. Sommerfeld and LaChapelle do not
bly more (Albert et al., 2004). Since here we are concernedspecify at what value of the temperature gradient is the limit
primarily with the top half-meter, we refer to this medium as between both metamorphic regimes, but we shall see below
“snow”, whether it is seasonal snow or is in fact firn. when we discuss changes in specific surface area that this
Snow at 6C contains another phase: liquid water. At low limit is probably somewhere in the range 9 te2om 1.
liquid water content, water forms isolated patches in con- When snow contains more than approximately 0.1% of
cave areas such as grain boundaries. Above about 10% wavater by volume, wet snow metamorphism occurs. Melting
ter, continuous water paths appear and at yet higher liquidf the convex surfaces occurs first, with moisture movement
water contents, no more ice surfaces are in contact with into the concave (or less convex) surfaces, where it may re-
terstitial air (Colbeck, 1982; Raymond and Tusima, 1979) sofreeze. This process, towards an equilibrium rounded form,
that the photochemistry of very wet snow can be expected tagends to minimize the specific surface area. When there
be very different from that of dry snow. Although we will is high liquid water content, the liquid can move easily,
mention several aspects of wet snow, this overview focusesnetamorphism proceeds rapidly, and intergranular bonds are
on dry snowpacks. weak. Under conditions of very low liquid water content,
the liquid water is in disconnected menisces between crys-
1.3 The dynamic character of snow: snow metamorphism tals and may be immobile, slowing the metamorphism. If
the bulk temperature of the snow cools and the water begins
The transformation of snow to firn to ice illustrates the fact to freeze, the liquid water becomes part of the adjacent ice
that snow is a dynamic medium whose physical propertiesyrains, causing rapid grain growth during melt-freeze cycling

need to be described as a function of time. The crystal struc¢Colbeck, 1982; Brun, 1989). Cold refrozen snow typically
ture of near-surface snow evolves over time in response thas strong intergranular bonds.

changing weather. The processes responsible for physical

evolution of snow are called “snow metamorphism”. When 1.4 Snow physical properties relevant to photochemistry

metamorphism takes place & liquid water appears and and to exchanges with the atmosphere

the term “wet snow metamorphism” is used, while at temper-

atures below freezing, the term “dry snow metamorphism”Many physical properties are needed to fully describe snow

applies (Colbeck, 1982). physics, such as mechanical resistance, which is required in
In dry snow, a vertical temperature gradient almost alwaysavalanche research but is of little interest to this overview.

exists due to temperature changes at the surface. Intemperaide properties important for atmospheric chemistry dis-

areas without permafrost, the base of the snowpack is oftecussed here are the following:

Atmos. Chem. Phys., 8, 17268 2008 www.atmos-chem-phys.net/8/171/2008/
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— The density is the mass of ice/water per unit volume of

snow. The associated property, snow porogitys the

fraction of the snow occupied by air. With the density

of ice (0.917 gcm?® at O°C), porosity is given by:
el

p=1-—
Pi

(4)

— The specific surface are®%A is the surface area of
snow crystals accessible to gases per unit mass. It
often expressed in chy—! and is in fact a measure of
the area of the snow-air interface.

— The effective thermal conductivity of snokgs is the

proportionality factor between the temperature gradient

dT/dzand the heat fluy :

dT
g = —kef—

dz ®)

— The air permeability of snowk, is the proportionality
factor between the pressure gradidRYdzand the in-
terstitial air flow velocityvaj :

KpdP
Vair = ——— ——

s (6)

wheren is the air viscosity. Equation (6) is known as Darcy’s

law and under this formulatiok , is called the “intrinsic per-
meability”, but will be simply referred to as “permeability”
hereafter.

— The gas diffusion coefficient in snow),,, for non-

flow situations pertains to gas transport according to
Fick’s law of diffusion in a system composed of one gas
species in air. The gas diffusivity is the proportionality fi
factor between the gradient in gas concentration in th

interstitial air of the snow and the gas fligas:

dC
—Dgs— 7
o ™

Fgas=

D, is related to the diffusion coefficient of the gas in air,

D,, by (Mason and Malinauskas, 1983, Fabre et al., 2000)

Ded

Dgs =
§ T

(8)

wherer is the tortuosity of the medium, i.e. the ratio of the
path length in a porous medium over the direct path length,

so thatr>1 andDg,>D,.

— The diffusion of gases in the snowpack can be compli-
cated and considerably slowed down by the adsorption
of gases onto snow crystal surfaces. This process will be

referred to as “adsorptive diffusion” and will be briefly
discussed below.

www.atmos-chem-phys.net/8/171/2008/
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— Light intensity in snow is relevant to the calculation of
photochemical reactions. It dependson snow albedo and
on the ability of snow to transmit visible and UV light,
this latter property being often described byeitfolding
depthe, defined above. We stress that heris an ac-
tual snow depth, not an equivalent water height. The
variablesdepends on snow scattering properties, which
is affected by grain size and shape, and on snow absorp-
tion, which is determined mostly by the snow content in
absorbing impurities such as carbonaceous and mineral
aerosols.

is

2 Physical properties of snow, as determined from field
studies

2.1 Preamble: variety of snow crystal shapes and of snow-
packs

Snow crystals show a wide variety of sizes and shapes,
caused by their conditions of formation in the atmosphere
or by their metamorphic history (e.g. Colbeck et al., 1990;
Wergin et al., 1996; Legagneux et al., 2002; Domine et al.,
2003; Libbrecht, 2005) and we present here a brief overview
of crystal characteristics relevant to this paper. The reader is
referred to Colbeck et al. (1990) for a detailed classification.
The definition of the size of a snow crystal has been am-

biguous (Colbeck et al., 1990; Aoki et al., 2000), espe-
cially in the case of precipitating crystals. For example, six-
branched dendritic crystals have a largest dimension of a few
mm, but a thickness of only a few tens of microns. The prob-
lem is less complex for metamorphic crystals whose shapes
are simpler. The size is often taken as either the longest di-
mension (adopted here), or an average characteristic dimen-
sion, and the definition varies from publication to publica-
on. SinceSSAs now routinely measured with a fairly good
eaccuracy (Legagneux et al., 2002; Domine et al., 2007a) it is
also possible to define the average size of crystals in a snow
sample desf, by the diameter of ice spheres of the saB8A

S0 thatdess=6/0; SSA

The most frequent crystals types observed on the ground

are described below, with some illustrated in Fig. 2.

— Fresh snow crystals have varied shapes depending
mostly on the temperature and supersaturation in the
cloud where they formed (Nakaya, 1954). Com-
mon shapes include plates, dendritic crystals, graupel,
columns and needles, as abundantly illustrated by Wer-
gin et al. (1995 and 1996) and Domine et al. (2003).

Decomposing crystals are fresh crystals in early stages
of transformation, so that the initial shapes of the pre-

cipitating crystals are recognizable. Relevant pictures
are reported in the above three references.

— Faceted crystals (Fig. 2b) have flat faces with sharp an-
gles, and are usually 0.5 to 2mm in size. They are

Atmos. Chem. Phys., 820812008
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Fig. 2. Photomacrographs of metamorphic crystals frequently observed in snowgadRepth hoar crystalkb) faceted crystalgc) dense
melt-freeze crustd) melt-freeze polycrystal in low density (0.11g ch melt-freeze layerte) medium-size rounded grains in a near-basal
layer subjected to near-isothermal metamorphism, of density 0.358;qif crystals with mixed forms, showing facets and rounded shapes.

All scale bars are |mm.

Table 1. Typical ranges of values of selected physical variables for the most frequent snow crystal types in surface snow (top 50 cm). Data
from Sturm et al. (1997); Domine et al. (2002); Albert et al. (2002); Simpson et al. (2002a); Legagneux et al. (2002).

Physical Fresh Decomposing Rounded Rounded  Faceted Depth Melt-
variable show particles grains, ET grains, crystals  hoar freeze
metamorphism  windpack crusts
Density, g cn13 0.01-0.2  0.06-0.25 0.15-0.35 0.3-0.6 0.13-0.3 0.15-0.28 0.15-0.4
Specific surface area, 350-1600 150-900 110-300 150-380 80-450  70-220 20-50
cm?g 1
e-folding depth, cm 3-10 2-10 5-15 3-10 10-25 15-30 20-40
Permeability, 30-80 10-90 10-80 5-30 50-200 100-600  1-20
10-10 2
Heat conductivity, 0.03-0.12 0.06-0.2 0.08-0.3 0.2-0.6 0.08 0.03-0.15 0.1-0.6
wm-lk-1

produced in the early stages of depth hoar formation
(Sturm and Benson, 1997; Taillandier et al., 2006), or
under conditions of moderate temperature gradient (10
to 200C m~1, Domine et al., 2002 and 2003). They are
poorly interconnected and layers of such crystals are as
uncohesive as depth hoar layers.

Depth hoar crystals in seasonal snow (Fig. 2a) usu-
ally result from the metamorphism of snow with low
to moderate density<(0.35 g nT3) under high temper-
ature gradient20°C m~1, Marbouty, 1980) that gen-
erate strong water vapor fluxes and rapid growth, result-
ing in hollow faceted crystals with sharp angles. Their
sizes range from 2 to 20 mm. The connectivity between

Atmos. Chem. Phys., 8, 17268 2008

crystals is usually very weak, producing very uncohe-
sive snow.

Rounded grains (Fig. 2e) are produced by low temper-
ature gradient€£10°C m—1) metamorphism of precipi-
tating snow, and layers of such crystals have densities
between 200 and 350 kghfAlbert and Shultz, 2002;
Domine et al., 2003). Crystal size range from 0.1 mm
to almost 1mm at the end of the season. Rounded
grains can also be produced by hard-packed wind-blown
snow crystals, in which case their density can reach 0.5
(Domine et al., 2002), or exceptionally 0.61 gtinas
observed near the Antarctic coast, in areas subjected to
strong katabatic winds (Domine, unpublished results).
Crystals in hard windpacks seldom exceed 0.4 mm in

www.atmos-chem-phys.net/8/171/2008/
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size. The interconnectivity between rounded grains is Apine &
strong: these layers are cohesive and their cohesivenes o * Freshsnow BLeAEL |,
. . . 150 aiga +4 % A
increases with density. Tundra TR ot ; ‘2 ‘ *2 <
?;ﬁaﬁ - TS T oo o Mixed forms '/\ e '.(
: . : B TR 0
— Mixed forms refer to sets of crystals displaying both flat =" TTE 3T Smal rounded RN
faces and rounded shapes (Fig. 2f). Their size is often 222 020 o L s, %% grame o o ."D .
: oy 2% o 2 a%ha & Windpack c a. +q
in the range 0.3 to 1mm. They can be formed under Sl SR o oy T
low to moderate temperature gradients, or by the round- », .~ ", 1® SAAAA e i oo cruet AR
ing of small faceted crystals following a decrease inthe "4 A 74 & [ 44 £ WA e A
; AnAAN AN a0 7L A Depth hoar . 130
temperature gradient. ANANN A A AAA'\,\“ R AAA“ . A A A
//\\/CAAAA A xl\ I>\AAA/<\ AAA/\A “ polycrystals v @ v
A 10 . @ v @
— T m
— Melt-freeze crusts and layers are formed by the thermal " Tunara” = Sasalice — 0

cycling of snow layers, usually with diurnal melting and

nocturnal freezing (Colbeck, 1982). Grains grow with Fig. 3. Simplified stratigraphies illustrating the main seasonal

each cycle, and are often observed to have a size in thénowpack types: the tundra snowpack near Barrow, Alaska, on
. .4 April 2004 (Domine, Taillandier and Simpson, unpublished re-

range 0.5 to 2mm (Raymond and Tusima, 1979). ThICksuIts); the taiga snowpack near Fairbanks, Alaska, on 12 February

melt-freeze layers made up of large rounded 9rains;qo4 (after Taillandier et al., 2006); the Alpine snowpack in the ab-

formed by repeated thermal cycling in .the spring are lation zone of the Argengires glacier, near Chamonix, French Alps,
often referred to as corn snow. The melting of low den- o, 31 January 2002 (Domine and Lauzier, unpublished results).

sity snow allows facile percolation. This can form melt-

freeze layers of low density, down to 0.1 gtfand of

moderate cohesiveness when frozen (Fig. 2d). Melting The Alpine snowpack (Fig. 3) forms in fairly cold ar-

in denser layers results in dense melt-freeze crusts thagéas with abundant precipitation. The snowpack thickness

have a strong cohesiveness when frozen (Fig. 2c). prevents the establishment of the high temperature gradi-

ent necessary for depth hoar formation, except at the be-

Table 1 reports typical values of physical properties of snowginning of the season. Frequent precipitation of thick lay-
layers formed by seven types of snow crystals. The snowers result in many layers of fine-grained snow not compacted
on the ground usually consists in layers of several of theby wind, separated by occasional windpacks and sometimes
above snow crystal types, and the formation of each metamelt-freeze crusts and ice layers.
morphic type is governed by climatic variables that include The maritime snowpack forms in temperate areas with
the amount of precipitation, air temperature, wind speed andibundant precipitation. The temperature gradients within
insolation. There is therefore a strong correlation betweerthis snowpack are often low. However strong gradients early
climate and the structure of the snow, which has motivatedn the season can induce kinetic crystal growth leading to
several classifications. Below is a brief summary of typi- depth hoar in shallow snow, and steep near-surface gradi-
cal forms of seasonal snowpacks as described by Sturm etnts at night can impose kinetic growth in surface snow in
al. (1995). We illustrate in Fig. 3 the snowpack types thatdeep snowpacks. In maritime snow, melting events can be
are the subject of most current photochemistry investigationsfrequent, resulting in ice layers with grains that grew dur-
The tundra snowpack (Fig. 3) is found in polar treeless areagng melt-freeze cycles interspersed with layers of snow that
with low precipitation &250 mm water equivalent per year) have not experienced melt (e.g. Albert and Shultz, 2002). Ice
that can be episodically swept by strong winds. It is typi- layers are common, and so are vertical percolation channels
cally 40 cm thick, and formed of a basal depth hoar layer 10(e.g. Marsh and Woo, 1984; Albert et al., 1999).
to 20 cm thick covered by a hard windpacked layer formed The crystal structure of snow and firn on the polar ice
of small rounded grains. Variations include several wind-sheets is significantly different in form than that found in
packs, sometimes separated by layers of faceted crystals eemperate snowpacks described above. In the cold, high
by ice layers (Domine et al., 2002; Sturm and Benson, 2004)altitude regions, snow typically falls as small plates or
The taiga snowpack (Fig. 3) forms mostly in wind-sheltered prisms. Cold strong winds create thick layers of windpack,
subarctic regions with trees and low to moderate precipita-which are composed of small solid rounded crystals. At
tion and is about 50 cm thick. This snowpack, extensivelyhigh-accumulation (greater than approximately 20 cm water
described by Sturm and Benson (1997) and Taillandier eequivalent per year) polar sites, near-surface temperature gra-
al. (2006), is subjected to strong temperature gradients andients and solar radiation during warmer summer conditions
is eventually almost fully transformed into depth hoar, ex- create surface hoar at the snow-air interface or near-surface
cept perhaps top layers deposited in late winter or spring. Irdepth hoar. If additional snowfall occurs before strong winds
the middle of winter, it is typically formed of a thick (20 cm) develop, these persist as low-density buried layers that can
basal depth hoar layer surmounted by a layer of faceted cryshe used as markers of summer, even decades after deposi-
tals and episodically by a fresh snow layer. tion in regions where the snow does not melt (Alley et al.,
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Table 2. Typical values of selected physical variables encountered in the top 20 cm (photic zone) of three seasonal snowpacks in late winter.
Data from Sturm and Benson (1997); Sturm et al. (1997); Simpson et al. (2002a and unpublished results); Albert et al. (2002); Taillandier et
al. (2006); Domine et al. (unpublished results).

Physical Tundra Taiga Alpine
variable snowpack snowpack snhowpack
Density, g cn3 0.4 0.18 0.2

Specific surface area, @r‘gfl 240 190 380
e-folding depth, cm 5 15 8
Permeability, 1010 m? 8 200 50

Heat conductivity, WmlK~-1 0.4 0.05 0.2

1990). In addition to layering created by changing seasons?2.2 Density
the properties of snow and firn change over time due to post-
depositional metamorphism. This results in property change®ensity is defined as the mass per unit volume, and it is usu-
that combine influences of original form with influences of ally measured in the field or the laboratory by weighing a
grain growth, sintering, and pressure sintering over time. Atsample of known volume. Because weighing always takes
high accumulation cold sites, this results in grain size thatplace in air, the density of snow measures the amount of
generally increases with depth, while permeability and ther-ice in a unit volume of snow. Since density is intuitive and
mal conductivity profiles take on more complicated forms does not require complex equipment to be measured, it has
(Albert and Shultz, 2002; Albert et al, 2000; Rick and Albert, traditionally been the parameter used to describe the nature
2004). In very low accumulation areas such as East Antarcof snow. However, it is now widely recognized that density
tica, layering exists but may reflect topographically-driven alone cannot be used as a descriptor of other snow properties.
precipitation patterns rather than snowfall patterns, and largeThe porosity is then defined from the snow density according
well-sintered, faceted crystals are grown in the near surfaceo Eq. (4) above.
from decades of vapor transport under very cold conditions The density of natural snow can change enormously over
(Albert et al., 2004). time: from less than 0.01gcm for fresh cold dendritic
snow to more than 0.6 g cm for very hard windpacks and
snow subjected to numerous melt freeze cycles. Physical
Thus snow on the ground takes on a variety of layeringProcesses involved in density changes include compaction,
and crystal properties that relate to the local climate, anddrifting, and dry and wet metamorphism. Deposited snow,
the contrasting physical properties should be readily apparwith densities usually in the range 0.01 to 0.2 géryudson
ent to the non-specialist who is a careful observer. With re-and Doesken, 2000) is subject to settling and compaction es-
gards to snow photochemistry, what is of interest includespecially within the first week after deposition. Wind-drifted
the ability of the snowpack to store reactants, as influencegnow often forms thick layers of small rounded grains that
for example by itsSSA to transmit light, as dictated by its sinter well and produce hard windpacks, with the windpacks
e-folding depth, and to release products to the atmospheredensity in the range 0.3 to 0.6 g crhincreasing with the
as determined in part by its permeability. Typical values of Speed of the wind that formed them. High temperature gradi-
relevant physical variables encountered in the photic zone ofnt metamorphism can produce intense upward water vapor
selected seasonal snowpacks in late winter are reported ifluxes that can fully compensate the effects of compaction,
Table 2 to illustrate the relationship between snowpack typeso that for example the density in the taiga snowpack is ver-
and physical properties. The actual ranges of values encouriically fairly constant around 0.2 g cid (Sturm and Benson,
tered are fairly wide. For example ti&SAof surface snow 1997; Taillandier et al., 2006). This intense dry metamor-
often exceeds 800 chy~! in the Alpine snowpack, due to Phism can lead to large mass losses in Arctic windpacks
the frequent presence of thick layers of fresh snow, whosen the fall (Domine et al., 2002) and transform them into
density can remain below 0.1 g cthfor several days under depth hoar, showing that significant density decreases can
windless conditions at sub-freezing temperatures. The hedgke place in snow layers. The appearance of liquid water
conductivity of such layers can then be very low, down to usually leads to crystal rounding, compaction and density in-
0.03WnT 1K1, Details on the range of values of several crease. Snow density ranges for a variety of snow types are
physical variables encountered in major snowpack types, anéeported in Table 1.
on the physical processes that determine them, are given in Density values are required for almost all applications.
the following sections. Density parameterizations are therefore proposed in most
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snow physical models. Snow densification involves several 344
processes and the rate of snow settling depends on density
itself, temperature, liquid water content and on the evolv- 250 -
ing snow microstructure, whose description remains a chal-z
lenge. In contrast to this complexity, snow densification is %
often described by simple empirical relationships (Verseghy, &
1991). Even advanced models usually assume that snow beg
haves like a viscous material and propose parameterizations2 100 -
for snow viscosity, which try to incorporate some of the set-

tling processes. Using this approach, snow viscosjtythen 50 1

relates the stress to the strain ratédh/h)/dt,wheref is the 0 ‘ ‘ ‘ ‘ ‘
thickness of the layer under consideration: 18.10.92 07.12.92 26.01.93 17.03.93 06.05.93 25.06.93

dh os + 0

n = _Tdt (9) Fig. 4. Snow stratification at Weissfluhjoch, Davos, during the win-

) ) o ter 1992/1993: comparison between measured values and calcula-
Hereo; is the applied snow stress i.e. in general the self-tions using the SNOWPACK model. The upper envelope represents
weight of the snow pack and the initial stress, is a possi-  the measured, total snow height. The solid lines show the heights
bility to include the effect of the rapid initial settling associ- above ground of 12 markers placed on the snow surface at different
ated with destructive metamorphism of dendritic snow. Thetimes of the winter and subsequently buried by precipitation. The
complex snow processes during settling are then expressedbtted lines show the computed heights of the corresponding layers.
by mostly empirical relationships for viscosity and the initial
stres_s. S'T“p'e models_ typically u_se=0 and parametenze The original implementation of SNOWPACK used a
the viscosity as a non-linear function of density and temper- . ; . .
- visco-elastic, natural strain settling law (Bartelt and Lehn-
ature only (e.g. Kojima, 1975). More advanced models have . . . .
: T ing, 2002) with different viscosity laws for fresh and old
complicated parameterizations for both. We report here thesnow (Lehning et al., 2002a). The viscosity formulation
formulations in SNTHERM (Jordan, 1991), CROCUS (Brun 9 o . y

etal, 1989) and SNOWPACK (Lehming etal, 1099). 1S (€ B B B8 b e Eoere e 0 o o o oo
In SNTHERM, the initial settling is described indepen- 9

dently of viscosity, which can be written as a function of bonds between the grains distinguishing between linear and

. . . non-linear yields of the ice matrix. Additional experiments
temperature[, ice volumetric fractiong;, and water vol- D . .
. . . and sensitivity studies have shown, however, that in natu-
umetric fractiong,:

ral settling elasticity and non-linear yield can be neglected

oo/ns = 2.778 10 8¢z c4e0047 and Eq. (9) is a good description of the settling behaviour.
c3 =c4 = 1,6,<015andg, = 0 The current version of SNOWPACK therefore retains the
c3 = e 420019 g5 015 (10) microstructure-based development of a linear snow viscos-
¢4 = 2, 0,>0 ity as described by Egs. (33)—(35) in Lehning et al. (2002a).

. L . . However, the empirical adjustment factdr,, is reformu-
The snow viscosity is then parameterized as function of tem- . o

i lated to include the liquid water contest,, the age of
perature and snow density,

the snow layery,; (days), and variables representing crystal

ns = no e leebp, shapes and taking values between 0 and 1, namely dendricity,
no =361F Nsm? dd, and sphericitysp,as defined in Brun et al. (1992):
cs5 = 0.08K1 (11) Foo— 044950, g
. y = 24830 4o (1 L),
c6 = 0.021nPkg < 90 ' (12)

Both above equations use Sl units, within °C. The crit- ¢ = 21+/dd+0.7sp;
ical volumetric ice fraction of 0.15 used above has beenHere the time coefficient;, is a function of the additional

founq to be rather high in several app_lications. Sgbgequen&rain shape parametedsl andsp for all snow types except
studies have set the value to 0.1, while also modifying they, ot freeze crusts, where itis set constantto 1.7. The ini-

va|7ue of ”_02' from 1.0 16 N'sm2 to values as high as 9'0 tial stress is formulated as a function of the ice surface ten-
.10 Nsm= (e.g. Co-éou etal, 2005)' In CROCUS, a sim- sion,o; (0.11NnT2), the grain sizer, and the dendricity,
ilar yet somewhat simpler formulation based on the setthngdd with the constants 1.5 and 2 having units of m:

law of Navarre (1975) is implemented. In the original imple- '
mentation (Brun et al., 1989), snow viscosity is described assg = 2 ( 1.5+ 2 dd ). (13)

a function of temperature and snow density alone. That for- T

mulation suggested a factor for a microstructure correction,The new SNOWPACK formulation calculates reliable set-
which has been implemented since (€l et al., 2005). tling curves for an Alpine seasonal snow cover. As shown
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in Fig. 4, the settling of individual snow layers tracked in in Japanese with only an English abstract, so that details are
the Alps at the Weissfluhjoch Versuchsfeld (Fierz and Lehn-not readily accessible. Narita studied snow and firn samples,
ing, 2001) can be described with good accuracy for the fulland it appears that a few tens of samples were surface snow,
seasonal development. It has also been investigated that ethe highesS8SAvalue being about 750 ¢hg L.

rors in the settling curves such as in the 4th layer from the ggayalues of surface snow obtained by both methods are
bottom arise from errors in the density estimation for freshj, the same range, but no comparative studies have been
snow (Lehning et al., 2002b). Both a good density estima-magde. The former method is probably more suited for sur-
tion and a good settling description are mandatory to allow & ce snow, while the latter appears more suitable for firn and
reliable snow mass balance at a point (Lehning et al, 1999)ce cores because of a lower limit of detection. From the
or for a full catchment (Lehning et al., 2006) based on snowgata of Alley and Koci (1988)SSAvalues for ice cores of
depth measurements. about 2crig~! are calculated, and this is below the de-
tection limit of CH,; adsorption. On the other hand, fresh
snow crystals have microstructure with radii of curvature of
o ) only a fewum, such as thin dendrites, that can be destroyed
The specific _surface _areS$A of snow is a measure of the while warmer liquid is poured or the sample is polished for
area of the air-snow interface. Its usual definition is the Sur'stereological studies. Moreover, structures a fawin size

face area of snow crystals accessible to gases per unit maﬁ?ay not be detected in automated processing of optical mi-
(Legagneux etal., 2002), often expressed i gm. Values crographs, an&SAof fresh snow may be underestimated.

measured in surface snow range from 1§gm' for mel- Stereology, however, does not require liquid nitrogen.

freeze crusts to 1558 ¢y for fresh dendritic snow (Domine .
etal., 2007a). Recently, X-ray tomography has been used to obtain 3-D

: ; i f snow samples (Flin et al., 2003; Schneebeli and
Three methods are reported in the literature to measure rel'29¢S O _ .
liably snow SSA CH, adsorption at 77K, stereology, and Sokratov, 2004, Kerbrat et al., 2007)_, from which the SSA
X-ray tomography. The first one, detailed in Legagneux etCanN be computed. This method requires a synchrotron (Flin

al. (2002) and Domine et al. (2007a) has produced the large tal., 2003) W.ith .the benefit_ of good spatial resolution.and
number of measurements (345) for surface snow. Its princi-ast data acquisition, or a microtomograph (Schneebeli and

ple is to measure the adsorption isotherm of,Qi snow Sokratov, 2004; Kerbrat et_ al.,, 2007). Kerbrat et al. re-
using a volumetric method. TH8SAis then derived using cently performed. a comparison between X-ray tqmography
the method (called BET) of Brunauer et al. (1938). Obtain—and CH .adsorpt|on, and tﬁf methods agreed with 3% for
ing reliable SSAvalues using gas adsorption is not simple snows with SSA700cnf g~ However, for fresh snow,

for snow because this solid has a much lo8&Athan other the resolution of X-ray tom'ogr'aphy was insgﬁ‘icignt to de-
porous solids for which the method was intended, such adect small structures, resulting in an underestimatioB &#
catalysts. Using Chirather than M considerably improved At present, it appears that GHdsorption at 77K is best
measurement accuracy by lowering the vapor pressure of thguited to the measurement of tB&Aof snow in the photic
adsorbate at 77K (Chaix et al., 1996). The detection limitzone. However, this is time consuming and the need for lig-
for this method is about 10 chg~1. One of its advantages Uid nitrogen limits its use, so that a faster method readily
is that it requires no sample preparation: snow is just samuseable in the field is desirable.
pled into a vacuum container which is immersed in liquid Recently, Domine et al. (2006) have observed an excel-
nitrogen. This has the added advantage of stopping metgent correlation between sno®@SAmeasured by Cllad-
morphism. However, the liquid nitrogen requirement can besorption and snow reflectance in the near and short-wave
a difficulty in polar campaigns. Or@SAmeasurement with infrared (NIR and SWIR). Wavelengths tested were 1310,
this method takes about 3 h. 1629, 1740 and 2260 nm. The relationship was linear for the
Stereology is the study of 2-dimensional images to obtainlast 3 wavelengths. This is based on only 9 snow samples and
information on 3-dimensional objects (Underwood, 1970) further work is needed before the potential of using NIR or
and is often used to study porous media such as snovBWIR reflectance to measure sn@8Acan be established.
(Narita, 1971; Perla et al., 1986). One method to obtain 2-In particular, the effect of grain shapes (Neshyba et al., 2003;
dimensional images of snow is to harden a snow sample b¥okhanovsky and Zege, 2004) needs further detailed stud-
filling it with a water-insoluble liquid that freezes akD°C, ies. Matzl and Schneebeli (2006) also used NIR reflectance
such as dimethy-phthalate (Perla et al., 1986). The samplaround 900 nm to measure sn@BAwith a camera. The
is then polished and micrographs are analyzed using apprasignal was calibrated with stereological measurements. This
priate methods (Davis et al., 1987) to derB8A The suc-  method is very rapid and quite promising. Its accuracy and in
cession of all these preparation stages takes about 4 h for ongarticular the dependence of the NIR signal on crystal shape
SSAmeasurement. needs to be studied further, however. In any case, both these
The most extensive set &SAmeasurements of surface IR studies suggest that the accurate and rapid measurement
snow using stereology is that of Narita (1971). This paper isof snowSSAIn the field may soon be at hand.

2.3 The specific surface area of snow
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SSAparameterization in models is necessary. The sim- 15y

plest method would be to correla&SAwith the snow vari- 1400 . ) + All data
able that is the most easily and most commonly measured: . Yo 2059 | @ Fresh
density. Such an approach has been attempted for other vari ., ** ]| ‘ o 223}1 z:;"
ables. For example, Sturm et al. (1997) tested a correlation N: 10007 o Faceted
between heat conductivity and density. In the cas8®#A S 800 1 A Depth hoar
Fig. 5 shows a poor correlation. A significant improvement is § 600 | —Fit, all data

obtained if the snow type is considered, and further improve- 400 |
ment is observed if both the snow type and the snowpack type
are considered. For example, Domine et al. (2007a) show
that for depth hoar in the taiga snowpack, the following rela-
tionship is found, withR?=0.66:

200 -

0.0 Oil 012 O.‘3 014 0‘.5
Density, g cm
SSA=-23.971In ) —241.9 (14) Fig. 5. SSAdensity correlation, using the 297 coupled SSA-density

. . 1 . 3 . measurements of Domine et al. (2007&SAwas measured us-
with SSAn cr? g~ andp ingcm . Domine et al. (2007a) ing CHy adsorption at 77 K. The graph also shows average values

also show that depth hoar in the tundra and Alpine SNOW-3q standard deviations of some of the snow types mentioned in
packs follow a similar relationship with different coefficients, Taple 1: Fresh snow, decomposing particles, rounded grains (en-

yielding higherSSAvalues than in the taiga snowpack, for a compassing both ET metamorphism grains and windpacked grains),

given density. faceted crystals and depth hoar (after Domine et al., 2007a).
Rather than attempt to linRSAto density, one can attempt

to predict its rate of decrease after precipitation. Cabanes et

al. (2002 and 2003) monitored the rate of decrease of dryJnder TG conditions, the coefficients are

snowSSAin the Arctic and in the Alps and proposed an em-
pirical equation of the form: Arg = 0.09615S Ao — 3.44(T;, + 1.90);

Brg = 0.6595SAg — 27.2(T,, — 2.03);
SSA = SSAgexp(—ar) with a(day ™) Atro — exp( Z03ALSS A0 — 272 (T — 209 )
— 76.6 exp—1708/T(K)) (15) 76 = &P\ 509615540 — 3.44 (T,, + 1.90)

This formulation is based on a limited data set, and pre-In the above equationSSAs in cn? g2, T;, is in °C andAt
dicts SSAonly as a function of temperature, time, and ini- is in hours. Figure 6 shows plots 86Adecay under both ET
tial SSAof the snowSSA (i.e. theSSAof the freshly fallen  and TG regimes, whe8SA=800cn?g~1. Depending on
snow). Legagneux et al. (2003 and 2004) and Taillandier ethe temperature and the metamorphic regi§®As reduced

al. (2007) have studied the rate of decrease of dry sB8%  to half its initial value in 1.5 to 18 days. The above equa-
in the field and during cold room experiments. In all cases,tions reproduce well the experimental data of Taillandier et

an equation of the form: al. (2007), but the authors note a number of limitations, such
as the lack of data for dense snop=(0-3gcnt3) so that
SSA(t) = B — Aln@r + At) (16) predicting theSSAdecay of for example Arctic windpacks is

not possible. Another crucial lack of data is for wet snow,
could adequately fit the data. Taillandier et al. (2007) foundas Domine et al. (2007a) report only a handful of measure-
that two sets of values oB, A and At could be used for ments.
two different types of conditions and expressed as a func- Flanner and Zender (2006) model&SAdecay during
tion of SSA and the time-averaged temperature of the snowmetamorphism as a function of temperature, temperature
T,,: one set was valid when the temperature gradient in theyradient, snow density, particle size distribution and irreg-
snowpack was low£9°C m™*, this probably corresponds to yjarity of particles spacing in the snow. They assumed that
the ET conditions defined by Sommerfeld and LaChapelle snow crystals were spheres. Their model reproduced very
1970) and the other set was valid under high temperaturgyell the isothermal experiments of Legagneux et al. (2004),
gradient &-20°Cm~1, probably the TG conditions of Som- after adjusting parameters describing the particle size distri-
merfeld and LaChappelle, 1970). Under ET conditions, thepytion. Taillandier et al. (2007) compared their model results
coefficients are: under temperature gradient conditions with their new exper-

imental data. The agreement was in general good, but could
Apr = 0.07605A0 — 1.76(T,n — 2.96); possibly be improved using another value of the irregular-
Brpr=0.6295SAg — 15.0(7,,, — 11.2); ity in particle spacing, as Flanner and Zender (2006) had no

—0.3718SA0 — 150 (T;, — 112) data to constrain that variable at the time. This modeling ap-

Algr = exp( 0.07605SAg — 1.76 (T, — 2.96) ) (A7) proach is promising but requires significant calculation time.
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Fig. 6. Evolution of the specific surface are83A of snow at—5
and —30°C, for the cases where the snowpack is isothermal and k
where it is subjected to a temperature gradieB6°C m~1. Equa-
tions (17) and (18) were used, with a value for the inig&Aof
800cnfg 1.
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Fig. 7. The main processes responsible for heat transport through
snow. The snow structure represented is columnar depth hoar.

. . . . Processes shown are conduction through interconnected snow
A significant difference with Egs. (14) and (15), which are crystals (the heat conductivity of ice #gee=2.3WnT LK1,

empirical and based on experiments, is that it predicts cONgonguction by air in the pore space (the heat conductivity of
tinuous transitions betWeen metamorphlc reglmeS. air is kair:0.0ZSWm_l K_l)’ latent heat transport by sublima-
Despite these recent experimental and modeling studiegjon/condensation cycles induced by the temperature gradient.
data on snowSSAis still limited, despite its importance in  These three processes are measurekgsfor example using a
snow chemistry and physics. Studies on for example the efh€ated needle probe. Additionally, air flow through snow can be in-
fect of melting or surface hoar deposition are lacking. Un- duced by su_rface wind or air convection and this represents an extra
derstanding snoveSAwould definitely benefit from a new process which, when present, can transport heat much faster than
. ._either conduction through the ice or void space.
rapid measurement method based on IR reflectance (Dominé

etal., 2006; Matzl and Schneebeli, 2006). Heat conduction takes place through the network of inter-

o connected snow crystals and through air in the pore space.

2.4 Thermal conductivity In addition, there almost always exist a temperature gradi-
ent in dry snow, which generates water vapor sublimation
Because of snow metamorphism, the thermal properties ofrom warmer grains, diffusion through the pore space and
snow are highly variable and can change dramatically incondensation on colder grains (Colbeck, 1983) leading to
time. Traditionally, estimates of snow thermal properties heat transport through latent heat exchanges. The effects of
are based on readily-measurable characteristics such as detirese processes can be measured using a heated needle probe
sity and grain size, though it is well known that the geo- (e.g. Sturm and Johnson 1992; Sturm et al., 1997; Mellor,
metric forms of the microstructure are a first-order effect. 1977; Lange, 1985) where the rate of dissipation of a given
Adams and Sato (1993) were the first to try to derive aheat pulse is analyzed to derive the “effective” thermal con-
physical model for snow conductivity considering snow mi- ductivity kesr. For this type of measurement, the snow sample
crostructure (packed spheres) and distinguishing between icig maintained enclosed in a fairly air-tight container to avoid
conduction, conduction in the pore space and vapor transheat transport due to air flow.
port. This microstructure-based conductivity model has been  Ajr flow in snow can be caused by wind-driven varia-
successfully implemented in SNOWPACK (Lehning et al., tions in surface pressure over a rough snow surface (Col-
2002a). Recent use of micro-tomography for imaging snowpeck, 1983; Cunningham and Waddington, 1993; Albert et
metamorphism (Céou et al., 2001) offers promise for forth- al., 2002) or by thermal convection caused by a high tem-
coming formulations of the thermal properties to be based orperature gradient in very permeable snow such as depth hoar
microstructure characteristics (Kaempfer et al., 2005). (Sturm and Johnson, 1991), but this heat transport process is
The thermal conductivity of snow controls the net heat discussed in a subsequent section.

transfer in the snow when there is no interstitial air flow. The variablekes; has contributions from several physical
In one dimension, the heat fluxat a point is given by the processes, and the relative contributions of each one of these
Fourier Eq. (5) wherées is the effective thermal conductiv- processes are expected to depend on the geometric aspects
ity. Heat flow through snow results from the combined effect of the crystal structure and on the snow temperature. We
of several physical processes, as shown in Fig. 7. therefore expect to observe a large scatter in values reported
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for direct measurement dferr.  For dry snow, values be- 1000
tween 0.025 and 0.65Wm K1 have indeed been mea-
sured (Sturm et al., 1997, and references therein). To attemp

to predictkes values, correlations with snow density have I

been explored. Sturm et al. (1997) and Jordan et al. (2007).- 1001

report densitykesr correlations. A significant scatter exists, l
which could be reduced if the snow type were taken into ac- :
count. Reported correlations shaw values ranging from
approximately 0.07 Wm! K~ for a density of 0.1gcm?

to 0.7WnT 1K~ for a density of 0.5gcm?® (Jordan et al.,
2007). Measuredes values of windpacked surface snow on
polar ice sheets are between 0.15-0.20 Wit 1 for a den- 14

2

Permeability x10°
>
|

( . : —— —— =
sity near 0.35g cm®, while aged near-surface firn that has &8 b@“ § g oﬁé\s & &
. . . . @ S
not experienced melt on the East Antarctic ice sheet shows m\é" & 0§ & g o ¢
. g & &
keft values ranging from 0.2 to 0.4 WTh K1 for densities <& o

between 0.35 to 0.45 g cm (Courville et al., 2007). Despite

the large scatter in the density correlation, Sturm etal. (1997Fig. 8. Range of permeability values for different snow types. Com
proposed the following equations for seasonal snow: snow refers to thick melt-freeze layers made up of large rounded

ket = 0.138+ 1.01p + 3.223302 {0.156<p< = 0.6} grains formed by repeated thermal cycling in the spring.

ket = 0.023+0.234p  {p<0.156} (19)  range 5 to 310 °m?(Conway and Abrahamson, 1984;

that have been extensively used in various calculations anguser and Good, 1986; Albert and Shultz, 2004). Coarse-

model parameterizations for seasonal snow, but they are m%rained, aged firn in very cold low accumulation sites like
applicable to polar firn the East Antarctic plateau has high permeability in the range

of 100-300<10-1°m? (Albert et al., 2004; Courville et al.,
2.5 Permeability of snow and firn 2007). The natural stratification of snow that occurs due
to different depositional events can yield buried layers that
The air permeability of snow is the property of snow that are more permeable than surface layers, causing flow chan-
controls the ease with which a fluid, typically air or water, nelling through the buried high-permeability layers (Albert,
can move through the snow. Permeabilky, is the pro-  2000). Luciano and Albert (2002) reported measurements of
portionality factor between the pressure gradigifdzand  anisotropy in snow permeability and concluded that differ-
the interstitial air flow velocityvy; as defined by Eqg. (6) ences in permeability between layers from different storms
above, known as Darcy’s law. The permeability is sensi-caused larger variation than directionality differences in a
tive to the nature of the interconnected pore space, and isingle layer. A graph showing the permeability spread for
depends both upon the crystal structure and the snow layerarious types of snow is given in Fig. 8. Since snow density
ing. As in all physical properties of snow, permeability will and grain size are the most commonly measured snow vari-
change as the snow undergoes metamorphism. The permables, several attempts have been made to relate snow perme-
ability of snow is typically measured by drawing air through ability to density and grain size. One widely used equation is
a snow sample and measuring the pressure drop and air flothat of Shimizu (1970):
rate through the sample, then calculating the permeability _0.007 2
using Darcy’s law (e.g. Albert et al., 2000). For seasonal Kp = 0.077%! "D (20)
show, permeability ranges over two orders of magnitude dewith D the grain diameter in m and the snow density in
pending on the snow type, density, grain size, and degre&gm~3. As noted by Jordan et al. (1999), Shimizu’s formula
of metamorphism. The most permeable snow is depth hoawas obtained for small rounded grains, and can be in error
in seasonal snow, with permeability in the range from 100-by an order of magnitude for calculations based on grain size
600x 10~ 19m?(Sturm, 1991; Jordan et al., 1999). Freshly and density for other snow types. Jordan et al. (1999) also
fallen snow in the mid latitudes typically has permeability in note that progress in predicting snow permeability may come
the range from 30 to 8010~1°m?, while old coarse seasonal from the use of the snow specific surface area rather than
snow typically exists in the range from 8 to 500 10m? grain size, asSSAis a clearly defined variable, even though
(Jordan et al., 2007, and references therein). Ice layers in se#-is still rarely measured in the field. Sommerfeld and Roc-
sonal snowpacks and crusts formed by melt in seasonal snowhio (1993) did attempt to correla®@SAand permeability,
and subsequently buried by later snowfalls, have permeabilbut did not find a conclusive correlation. However, tHe8A
ity ranging from 1 to 2610-19m? depending on the degree range was very narrow (less than a factor of 2) and tBSiA
of refreezing (Albert et al., 2000; Albert and Perron, 2000). values were surprisingly low, so their conclusion should be
Wind-packed snow on polar ice sheets typically falls in the tested by further work.
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2.6 Gas diffusivity of snow between the snow grains. In natural snow, diffusion is ubig-
uitous because the snow is almost never in perfect thermal
The gas diffusivity is a property of snow that indicates the or chemical equilibrium. Thus diffusion must always be
ease with which gases can move through the interstitial pore&onsidered. Advection can occur both naturally and when
space by diffusive processes. The ragiD,/t whereD, is interstitial air in the snow is sampled for chemical analy-
the diffusivity of the gas in airp the porosity and is tortu- sis (Albert et al., 2002). Wind-driven interstitial air flow
osity, is the proportionality factor between the gas concentrawithin snow occurs mostly from pressure disturbances of the
tion gradiendC/dzand the interstitial gas fluKgasas shown  wind flowing over surface roughness (Colbeck, 1983; Cun-
in Egs. (7) and (8). Gas diffusivity will vary according to ningham and Waddington, 1993). Thermal convection due
chemical species, as it depends on the size of the molecules buoyancy effects under high temperature gradients in ex-
relative to the size of an interstitial pathway. For reactive tremely permeable snow has been observed by Sturm and
chemical species, sometimes the diffusivity is posed as adohnson (1991) and resulted in easily detectable heat trans-
“effective” parameter that includes not only the obstruction port. Albert et al. (2004) found that extensively recrystal-
aspects of diffusion in the pore space around snow grains, buized firn formed under extremely cold conditions on the East
also adsorption/desorption processes that occur on the graiintarctic plateau has characteristics that would make it prone
surface. Thus, when using published values of gas diffusivityto thermal convection. However, buoyancy-induced convec-
in snow, one must be careful to note whether or not the valtion is rarely found in other types of snow. Experimental
ues are based on only the obstruction effect or whether thegtudies performed under different conditions failed to detect
also include the adsorption/desorption reactive impacts. Foconvection (Brun and Touvier, 1987), and we therefore sub-
this discussion, we define the diffusivity to be the behaviorsequently treat only wind-driven and sampling-induced ad-
of the gas as though it were inert. Adsorption and desorptionvection.
are then separate source-sink type processes. Wind-driven ventilation can advect chemical species, and
Pioneering investigations of gas diffusivity of firn were it has been shown to impact the concentrations of species
done by Schwander et al. (1988) and more recently by Favreontained in aerosols (Cunningham and Waddingon, 1993;
et al. (2000), whose experiments based on elution peaks dflarder et al., 2000; Domine et al., 2004), of species solu-
an advected tracer gas in a moving carrier gas led to thdle in snow crystals (McConnell et al., 1998; Waddington et
conjecture that snow microstructure and layering are incon-al., 1996), water vapor transport (Albert, 2002), and isotopic
sequential to gas diffusion. Recently, experiments on firncomposition (Neumann and Waddington, 2004). In addition
cores by Courville et al. (2007) have shown that the gas dif-to advection caused naturally by the wind, advection also oc-
fusivity of snow does depend on the structure of snow andcurs when firn air is sampled for analysis. Because the tech-
firn. The measurement technigue for in-situ measurementsology of measuring trace gases currently uses through-flow
is described in Albert and Shultz (2002), which was adaptedchemical sampling devices, the sampling procedure itself in-
from a technique described by Mcintyre and Philip (1964) duces ventilation and mixing of the air sampled. In the top
for soils. Measurements of the diffusion of &Fan inert  meter or so of snow, this introduces ambient air dilution to
gas, through partially decomposed fresh dendritic seasonahe natural firn air composition (Albert et al., 2004). There
snhow has typical values close to 0.025@n!(Albert, un- have been no field experiments reported to date where the
published data), while the $gas diffusivity of wind-packed firn air gas sample concentrations reported are due purely
snow typically ranges between 0.02 to 0.06am* (Albert to diffusion alone. Firn air sampling procedures for £O
and Shultz, 2002). The $Fyas diffusivity of aged, coarse, methane, and other climate indicators that are sampled very
near-surface polar snow in cold low accumulation sites indeep in the firn typically call for withdrawal of discrete sam-
East Antarctica depends on the accumulation rate and rangeses of gas in order to minimize the disturbance of the natural
from 0.04 to 0.08 crhs~* (Courville et al., 2007). For com- firn air concentration profile.
parison, the diffusivity of Skin air between 0 te-10°C is
0.08cnts~ 1. Thus, depending on the nature of the snow,2.8 Transport of species that interact with the snow surface
surface snow can either be little barrier to the transport of
gas, or else slow down gas transport by as much as a factdpiffusion and advection are not the only processes that affect
of four compared to diffusion through air alone. trace gas transport through porous snow, because molecules
hit ice surfaces while travelling through porous snow and
2.7 Effect of air advection in snow on the transport of heatthose with sufficient affinity with these surfaces may become
and gases accommodated on the ice for various lengths of time. This
“sticking” will therefore slow down gas transport through
Heat and chemical species can move through the snow bgnow. The residence time of the molecule on snow crys-
diffusion, a relatively slow, gradient-driven process, or by tal surfaces affects the partitioning of molecules between in-
advection, a faster process by which heat and mass are tranterstitial air and ice surfaces, and this can be characterized
ported by interstitial air flow (“ventilation”) in the pore space by an adsorption equilibrium, either a surface Henry’s law
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coefficient,H (in Pa nf mol~1) or an interfacial partitioning 1
coefficientk;, (in m) (Roth et al., 2004). Models that couple
transport, adsorption and reaction in porous media have been
derived from the study of reactions in porous catalysts. Such
models are used for example to study transport processes in 0.1 1
soil, and have also been applied to analyze reactions and up-
take processes of trace gases on porous ice films in labora-~
tory experiments, which lead to some controversy (Hanson
and Ravishankara, 1993; Keyser et al., 1993; Keyser et al.,
1991; Leu et al., 1997).

What needs to be modeled is simply the fact that the dif-
fusion of trace gases through the snow is hampered by resis- ¢ go1 ‘ ‘ ‘
tance of the porosity and the finite residence time of the trace 1,E-05 1,E-04 1E-03  1,E-02 1,E-01  1,E+00
gases when adsorbed on the ice surface, and this requires the Kia, m
knowledge of the pore size and 8SA Modeling can be
achieved by numerical solution of the one-dimensional dif-Fig. 9. Impact of the value ofj, on the trace gas diffusion in
fusion equation’ with appropriate terms for the flux match- Snhow, calculated after Herbert et al. (2006), for a snow density of
ing on the ice surface, as done by Hutterli et al. (1999) who0-34 9 ¢ (rp=0.2gcnt 3) and aSSAof 200 cnf g~ 1. The fac-
modeled the seasonal transport of formaldehyde in snow bfr £ is the ratio of the effective diffusion coefficient of an adsorb-
assuming one-dimensional diffusion for the gas phase trandnd trace gas in snow over the diffusion coefficient in snow in the
port. absence of adsorption.

A semi-empirical approach was suggested by Herbert et
al. (2006), which allows to assess the impact of the adsorp-
tion on the diffusion. In a first step, the theoretical diffusion
coefficientDeoin a porous medium was calculated from the 1999; Sumner and Shepson, 1999; Jones et al., 2000; Beine
tortuosity 7, the snow porosityp and the diffusivity in the et al., 2002; Dibb et al., 2002). Light transmission in snow
undisturbed gas phasgyjr by Dineo=Dair ¢ VTS in Eq. (8). is also an important variable for biological activity in the
The additional resistance to the diffusive transport by the ad-subnivean environment, e.g. Kappen (1993) and Cockell et
sorption of the molecules is described by an effective diffu-al. (2002).
sion constanDess = f Dineo With When light interacts with snow grains, there are two im-

portant physical processes: scattering and absorption. We
- N (21) can consider the probability of either scattering or absorption

14 rspKiaSSA per unit length traversed by a photon in the snowpack. We
will refer to these scattering and absorption coefficients (rates
per length) asksca and Kaps and each has units of inverse
length, typically cntl. The sum of scattering plus absorp-
tion is the extinction coefficienK exi=Kscat Kabs The ratio
of scattering to total extinctionyo=Kscs/ Kext, is called the
single scattering albedo. Typically, for visible wavelengths,
the scattering coefficient is much larger than the absorption
coefficient, leading to a single scattering albedo very close
to unity. This dominance of scattering makes reflection the
most probable occurrence for a photon that hits the snow
and makes snow white in appearance. The simplest opti-
cal models of snow use two-stream radiative transfer theory
(Ishimaru, 1978; Bohren and Barkstrom, 1974; Beaglehole
2.9.1 Light transmission et al., 1998; Thomas and Stamnes, 2002) to solve the trans-

mission of light in snow. If simple two-stream theory is used
The transmission of light in snow plays important roles in for snow, the scattering and absorption parameters have little
atmospheric and snow chemistry as well as climate. Thephysical meaning and are similar to fitting parameters. More
relationship to climate occurs largely through the albedo ofadvanced treatments take into account the angular asymme-
show, which is an important factor in the radiation balancetry of light scattering by snow (Wiscombe and Warren, 1980;
(Grenfell et al., 1994). Recent work also shows that photo-Warren, 1982). Because snow grains are much larger than the
chemistry in snowpacks plays an important role in the atmo-wavelength of light, they typically forward scatter the light.
spheric chemistry in snow-covered regions (Honrath et al.,This angular asymmetry can be included into advanced 2-

f

Parameters are the specific surface aB#4, the solid ice

to air volume ratiors, and the gas-solid partitioning coeffi-
cient K;, (Roth et al., 2004). Figure 9 plots as function

of K;,, illustrating the impact of the value &, on diffu-
sion. ForK;, smaller than 10*m (for example aliphatic
hydrocarbons lighter than decane at16:8C, Roth et al.,
2004), there is almost no influence of the adsorption on
the diffusion. For more strongly adsorbing species, with
K;>10"3m (e.g. phenanthrene, Domine et al., 2007b), the
impact of the adsorption can be critical.

2.9 Optical properties of snow
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5 —— —— — scattering coefficient is rela}ted to the_ snow specific sur-
near surface region - ssymptatic regian face area, and the absorption coefficient is related to the
wavelength-dependent absorption of ice (Perovich and Gov-

4 ] oni, 1991; Ackermann et al., 2006; Warren et al., 2006) plus
- (a) Direct, 6,=0° impurity absorption and grain shape. Earlier measurements

3l --- (b) Direct, §,=60° . N were likely affected by scattering in the ice samples, and

O — - (c) Direct, §,=84° more recent measurements show very low absorption in the
< — (d) Diffuse light blue region. However, surface snow and in particular sea-

sonal snowpacks, is nearly always significantly contaminated
by absorbing material that greatly exceeds the inherent ab-
sorption of ice.

The relationship between light intensity and depth is com-
plex near the snow surface. This complexity is caused by a
combination of upwelling radiation escaping from the snow-
pack and direct radiation converting to diffuse radiation by
scattering near the snow surface. This results in the light in-
tensity being greater in the subsurface than at the surface.
Fig. 10. A simulation of optical transmission in snow (after Simp- Figure 10 shows calculations of the actinic flux in the snow
son et al., 2002a). In this simulation, the ratio of the actinic flux &S @ function of optical depth, for several solar zenith an-
in snow, F, to the downwelling incident fluxfp, is shown as a  gles (SZA), using the delta-Eddington method (Wiscombe,
function of depth in the snow. The depth in the snow is listed 1977). The enhancement of actinic flux near the surface
as the optical depthrext, Which is proportional to the physical decreases with increasing SZA. For SZA284urface re-
depth in the snowpack. The relationship to physical depth dependfiection is so high that little light is transmitted. With the
upon the equi\{alent spheripal rgdius of the snow .grains (related t9oq scale of Fig. 10, the maximum in intensity does not ap-
SSA and density, as described in the text. For this example (agethear for high SzAs, because it is so close to the surface.
Show, den5|ty=0.sgc_rn°’)_, and eq_w_valept spheﬂfal grain ra_dlus Below this level in a deep uniform snowpack, the light in-
of ~0.5mm), the extinction coefficient is1 mm~=, and in this . .

. - L tensity decreases exponentially (e.g. Bohren and Barkstrom,
case, the depth would be equivalent to a few millimeters within the ; . .
snowpack. The asymmetry factay, is 0.886. The single scat- 1_974, Zege et al., 1991). The calculations qf Fig. 10 are very
tering albedo of the snow isw=0.99995, indicating that the ab- similar to those of Lee-Taylor and Madronich (2002) (their
sorption coefficient is 0.00005 times smaller than the extinction, Fig. 4b), who used a discrete ordinance model. Below the
which is typical of pure snow in the UV. Four cases of incident surface region, the light intensity as a function of depik)
light are shown. Casg®)—(c) have purely direct sunlight at three is described by:
solar zenith angles (a&)p=0°, (b) 69=60°, (c) 0=84°, while case
(d) is for purely diffuse incoming radiation. One observes non- I (z) oc e~ *0*)% (23)
exponential behavior in the near surface region, generally with en- ) ) o o
hancement of photolysis rates in the snowpakkFo>1 indicates ~ Where ag(2) is the asymptotic flux extinction coefficient
light enhancement). Deeper in the snowpack, in the asymptotic re(AFEC). The inverse of is the depth over which light in-
gion, the light is completely diffused and decays exponentially, with tensity decreases by a factoreofnd is called the-folding
ane-folding depth of approximately 20 cm. depth,e(X),

extinction optical depth

» Toxt

e (A) =1/ag (A) (24)
stream theory calculations through the asymmetry fagtor,

defined as the average of cosine of the scattering angle: The transmission of radiation in snow has been measured

in several studies (Liljequist, 1956; Grenfell and Maykut,

1 T 1977; Kuhn and Siogas, 1978; Beaglehole et al., 1998; King
g = _/x(e)cosg sinfdo (22) and Simpson, 2001; Perovich, 2007). The general result
2 is that thee-folding depth in the visible and near UV is

0
between 5 and 25cm for most snowpacks. Larger values

wherex(0) is the phase function describing the angular dis-around 50 cm are sometimes found in temperate snowpacks
tribution of the singly scattered light, or more advanced the-with large grains formed by melt-freeze cycles (Fisher et al.,
ories, such as the delta-Eddington (Wiscombe, 1977) or th€005). Even in Antarctica, where the impurity concentra-
discrete ordinate method, DISORT (Stamnes et al., 1988)tion in snow is very low, values in the range 10 to 20 cm are
which is included in the Tropospheric Ultraviolet and Visi- observed in layers 50 cm below the surface for wavelengths
ble (TUV) model (Lee-Taylor and Madronich, 2002). These around 600 nm (Warren et al., 2006). Below le¥fplding
more advanced models relate the scattering and absorptiotiepth values increase, but the interest of this paper is on sur-
coefficients to snow physical properties. Specifically, theface snow. Warren et al. (2006) argue that the skdotding
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depths 50 cm below the surface are caused by soot depositedhich is valid as long asyg is close to 1. This applies to
after the establishment of the Dome C station. However,pure snow in the visible, but may also apply to snow with
we feel that it is not certain that the low soot concentrationssome degree of contamination. Most commok{y; can be

(1 ppb by weight) can actually explain this. Another possibil- derived by measurements of impurities in snow and the in-
ity, also mentioned by Warren et al. (2006) is that the smallherent absorption of ice, which is particularly important in
snow grains encountered on the Antarctic ice cap enhancthe near IR and mid IR, where water vibrations of the ice
light scattering. lattice are strong absorbers.

The AFEC, g, is directly observable by light transmis- Modeling studies have suggested that using measurements
sion measurements and is affected by both light absorptiomf the largest axis of a snow grain to determine the snow scat-
and scattering. In simple two-stream theory, one derives fottering results in scattering coefficient values that are too low
AFEC: (Grenfell et al., 1981). Grenfell and Warren (1999), Neshyba

_\/ 5 et al. (2003) and Grenfell et al. (2005) discuss different meth-
o (A) =/ K= (2) + 2K (1) Ssca (25) ods for representing ice crystals to calculate their scattering
HereK andSscaare Kubelka-Munk absorption and scattering and absorption properties in clouds. They recommend the
coefficients, respectively. They are relateckighsandKsca  use of independent spheres with the same volume-to-surface
respectively, but as mentioned above, they do not have direcirea ratio,V /S, as a non-spherical ice crystal for calculat-
physical meaning due to their disregard of the angular naturéng optical parameters and conclude that the approximation
of scattering K andSscacan be determined from experimen- is good for the range of sizes that were studied. The
tal measurements of light and transmission by a snow layeratio is related to the specific surface ar&S@ of snow,
using Kubelka-Munk theory (Kubelka and Munk, 1933; thus the scattering coefficient of snow should be related to
Kubelka, 1948). This formulation shows that both scatter-the SSA
ing and absorption are important to light transmission. Inthe  Since by definition théSSAis the surface area per mass,
limit of low absorption snowk is small, and th&k2 termis  we have:
small compared to the product &f* Ssca Therefore, the de-

pendence of light transmission is Q2K Ssca The accuracy SSA = i = 3 (28)
of the Kubelka-Munk theory as compared to exact radiative PV pidef

transfer calculations was studied by Kokhanovsky (2007)-whereaef:3V/S is the effective radius that coincides with
Many authors have generated radiation transfer theories fofye radius for monodisperse spheres.

snow that can predict the AFEC (Bohren and Barkstrom, the gnow extinction coefficient is given by (Kokhanovsky
1974; Wiscombe and Warren, 1980; Warren 1982; Zege et q Zege, 2004):
al., 1991; Lee-Taylor and Madronich, 2002) including con-

sideration of the angular asymmetry of scattering. In partic- . = 3(1—¢)

ular, Zege et al. (1991) show that : & 20,y (29)
#0=v/3(1 — wo) (1 — g) Kext (26) whereg is the porosity. This means that

Because snow grains tend to forward scatter radiation 3

(¢~0.8) (Warren 1982; Grenfell and Warren, 1999; Neshybako,; = Pssa = P (30)
et al., 2003; Kokhanovsky and Zege, 2004) the AFEC is 2picedef

lower than predicted based by simple two-stream theory that Thjg expression is also valid for the scattering coefficient
assumes light scattering is equal into the forward and baCkbecauseKsca%Kext for snow in the visible.

ward hemispheres. o Therefore, we can see that the scattering coefficient of
The density scaling of snow optics is somewhat complexgnq,y s proportional to the density of the snow divided by
because the density affects both the amount of ice absorptiogg jce density (i.e. to the volumetric concentration of ice in
and the number of ice-air surfaces encountered by light raygpo) and inversely related to the equivalent-sphere grain ra-
propagating in snow. Therefore, density affects bétand ;5 as. For aged snow, we typically haye~0.3 g cnT3,
Ssca@bsorption and scattering terms. It is common to create,,q aef~0.5 mm, 0 thal ex~Ksca~1 mmL. This result
density-normalized “cross sections” £0andSsca implies that light is scattered roughly every millimeter in the
kiot(X) = K (1)/p andoscas=Ssca/ o snow. The direct solar beam is scattered into diffuse radia-

S tion on this length scale, while the diffuse component decays
Here, we have explicitly listed the wavelength dependencemuch more slowly (5-25 cm length scale)

of the absorption, while the scattering cross section is rela- The key findings of this section are that radiative trans-

:!vely flnd;pe_:ndenlt of V\_/a\I/EeIengéh. Sgpst:]utmg tT(e %ross f.ecfer in snow is relatively well understood and actinic fluxes
l.'or.'ts or their analogs In Q. (22) and in the weak absorp 'O snow can be reliably predicted, as verified by Phillips and
Imit gives Simpson (2005). The asymptotic flux extinction coefficient

oo (M) = p+/ 2kiot (\) Oscat 27) (AFEC) scales as the square root of the snow scattering and
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10 N Here g is the solar zenith anglé, is the wavelengthp =
4./(1 — wo)/3(1 — wog) and the function: (%) can be pa-
o8 ] rameterized as discussed by Kokhanovsky and Zege (2004):
0.8 4
- u (99) = 3(1+ 2cosvy) /7 (33)
0.7 .
8 06| 1 These last three equations indicate that the absorptance of
s snow, a, is larger for a higher sun positiofy—0). The
<05 i ] physical basis for this effect is that it is more difficult for
% 0.4 i photons to escape from the snow if they are injected along
g - the normal to the layer because scattering occurs predomi-
g o03 . ; -
I nantly in the forward direction.
0.2 - Under diffuse illumination such as complete cloud cover,
01l snow reflectance; is calculated by integrating the diffuse re-
T flectancer,; over all incidence angles (Kokhanovsky, 2006):
02 04 06 08 1.0 12 1.4 16 1.8 20 22 2.4 Th
Wavelength, um ry = / rqa (Do) Sin 290d o (34)
0

Fig. 11. Calculated spherical albedo of snow with different grain The value ofr, is called the diffuse reflectance under dif-
sizes, based on Egs. (34). The triangles overlapping the curve fofuse illumination conditions or, in short, spherical albedo. It

the 0.19 mm grain size are measurements by Hudson et al. (2006jollows in the same approximation (Kokhanovsky and Zege,
showing the excellent agreement between theory and experiments i2004):

the visible and near IR. In the mid IR, the greater absorption limits

the validity of the theory. rs (A) = exp(—p () (35)

Kokhanovsky (2006) has proposed to use the following rela-
r%ionship between the parameter)) and the grain diameter

absorption coefficients. The AFEC can be modeled using a
=2a,y for the case of pure snow:

approximation of equivalent spheres that have the same eﬂlef
fectiv.e.diar'neter as.non-spherical snow gr'ains. The scatterin%m _ BW (36)
coefficientis thus directly related 85Aand inversely related
to the equivalent-spherical radius. The equivalent sphere raHerey (1) is the imaginary part of the refractive index of ice,
dius of a snow grain is significantly smaller than the “snow as reported for example in Warren (1984). Then it follows:
grain radius” because it takes into account scattering from
small features within the snow grain. rs (1) = exp(=8/mx (1) de /2) (37)
This simple equation has been used to calculate the spheri-
2.9.2 Light reflection cal albedo of pure snow for different grain diameter, treating
snow as ice spheres (Fig. 11). Similarly, we have for the dif-
The photochemistry of snow requires information on the totalfuse reflectancey , (see Egs. 28, 29):

amount of light absorbed in the snow at each wavelength. 1) = o4 77014 2 cosde) /T 38
Therefore, itis of advantage to study the spectral absorptanc@i( ) = exp(—24,/7 x (M) def /2)(1+ 2 C0oSo)/7) (38)

a. For a semi-infinite snow layer, the absorptance can ban the presence of absorbing impurities this equation must be
calculated from the reflectance data. Namely, it follows from modified. In particu|ar, in the case of absorption of ||ght by

the energy conservation law in this case: impurities that show much stronger absorption than ice, the
value ofy (1) in Egs. (37) and (38) must be substituted by the
a=1—ry (32) function proportional to the product of the imaginary part of

the refractive index of an absorbgr(1) and its volumetric
wherer, is the diffuse reflectance under directional illumina- concentrationg,, (Kokhanovsky and Zege, 2004):
tion (e.g. clear sky). For non-absorbing snow, by definition:
ra=1anda=0. In reality snow absorbs some amount of solar X (M) = AxaA)cs (39)
energy at each wavelength and therefaegp. The value of  \where the value oft depends on the type of impuritiest
rq can then be calculated using the following simple approX-can be determined using Egs. (37) and (38) and adequate
imation, valid aswo—1 (Zege et al., 1991; Kokhanovsky, measurements. It can also be calculated using various the-

2006): oretical models (Warren and Wiscombe, 1980).
In particular, the following model for the calculation of
ra(A) = exp(—p A)u(dp) (32) the parametep in Eq. (32) can be used. It is supposed in
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Fig. 12. The dependence of the diffuse reflectance at 400 nm on the

soot concentration (in ppm by volume, i.e. the volume fraction of gnd, therefore,

the snow occupied by soot particles), following Eq. 42. The solar

zenith angle is 60 Snow is composed of non-absorbing grains 4 [ f(n)y (A)csdey

with the effective grain diameter 200 or 506z, the snow density 7 = 3 W (43)
is 0.275 g cn13 in both cases, the asymmetry factois 0.75. Soot #

particles are treated as Rayleigh scatterers with the refractive indewhere we accounted for the fact thag— 1 in the spectral

equal to 1.8-0.5i. region under study.
Using this result, one derives:
this model that the extinction is only due to scattering of 4 [ f(n)y () coder
light by snow grains and by absorption caused by impuri-"s = €XP) —3 Tl (44)

ties (e.g. soot) treated as small Rayleigh scatterers. Then the
absorption coefficient is given by (Kokhanovsky, 2004): and

Kaps= Ny f () y (M) Vs (40) ry = exp{_4u (3190) [ f(n) )/:E)») Csdef } (45)
where N;=c,/ V; is the number concentration of absorbing cs(1=8)

particles,V; is their average volume is their average volu-  The dependence of; on the concentration of impurities
metric concentrationy (*) = 4w xa(A) /A, xa(A)is the imag- s presented in Fig. 12, showing that volume fractions of soot
inary part of the refractive index of absorbing particles andas low as 10 ppb, as encountered even in fairly pristine Arc-
f (n) =9n/(n?>+2)?, wheren is the refractive index of ab- tic areas (Clarke and Noone, 1985; Warren and Wiscombe,
sorbing particles. On the other hand, it follows for the ex- 1985) can have a noticeable impact on albedo. Figure 13,
tinction coefficient of large snow grains: based on recent data by Painter et al. (2007) shows that min-
eral dust also greatly decreases snow albedo. We were able to

3c
Kext = p - (41) reproduce the spectral plane albedo as described by Painter
ef et al. (2007) using the following equation :
wherec, is the volume fraction of snow occupied by snow
grains, i.e.0=c, pice, andd, is the diameter of ice spheres 7d = exp[—4u (Vo) v Vedef] (46)
with the sameSSAas the snow. Therefore, one derives fi- . . - )
nally: The effective absorption coefficient of snow was modeled as:
4

1 wp= Kabs _ fm)y V) csder (42) Yer (1) = ZCIVI ) (47)

Kext 3Cg =1
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where y,:@ and parameters with=1, 2, 3, 4 give the albedo can be retrieved from optical instruments, but there is
contribution of absorption processes due to ice, liquid waterno conceivable way to access properties such as heat conduc-
dust, and soot in snow, respectively. The imaginary part oftivity or permeability. Regarding accuracy, retrieval of prop-
the refractive index of icey1, was taken from Warren (1984), erties from satellite signals requires a number hypotheses re-
x2 for water from Segelstein (1981) and Kou et al. (1993). garding the shape of grains, the choice of a radiative transfer
The dust refractive index was modeled using the following and atmospheric correction model, the surface roughness, the
equation: existence of sub-pixel bare soil or forest and the presence of

43 (4) = 0.0013+ 0.036 expi—4.9%) (48) clouds, .aII of which are solurc.:es. of error.
Despite those severe limitations, the need for data over

where is in um. The best fit procedure gave the follow- |arge areas makes remote sensing an invaluable tool for snow
ing values of coefficients:»:0.34, @=0.00022 under the as-  studies. It is therefore essential to present here the current
sumption that ¢=1 and @=0. The spectrum could not be state of remote sensing methods, and to stress their current
fitted well without including liquid water. and foreseeable achievements, while mentioning clearly their

) , current limitations and the need for future progress.
2.9.3 Photochemistry in snow

Radiation, particularly UV, drives photochemistry both 3.2 Optical remote sensing

above and inside the snow. The radiation above the snow

is enhanced by the high albedo of the snow. Many studiesn the visible, the reflection function of snow-covered ar-
have documented this effect (Madronich, 1987; Meier et al.,eas observed from satellites is not very sensitive to grain
1997; Simpson et al., 2002b). Additionally, the radiation in size (Fig. 11) but it is highly sensitive to the fraction of the
the snow is enhanced. The snowpack enhancement comegound covered by snow and to snow pollution. The low
from the conversion of direct to diffuse radiation (Madronich, sensitivity to grain size is due to the fact that grain sizes are
1987; Simpson et al., 2002a; Lee-Taylor and Madronich,quite large and their scattering characteristics are hardly in-
2002). Laboratory studies have demonstrated that photolysifluenced by the size of particles outside of the diffraction
rate coefficients modeled in snow agree with those measuredone. However, the influence on the shape of particles re-
by chemical actinometry (Phillips and Simpson, 2005). A mains (Grenfell and Warren, 1999; Mischenko et al., 1999;
number of studies have used chemical actinometry in snovNeshyba et al., 2003; Zege and Kokhanovsky, 2004; Gren-
to measure photolysis rates directly (Qiu et al., 2002). Lab-fell et al., 2005). A great simplification arises from the
oratory studies have measured quantum yields for importanfact that snow of sufficient thickness can be considered as a
photochemical reactions in the snow; e.g. nitrate photolysissemi-infinite scattering medium in the optical range. In gen-
(Honrath et al., 1999; Jones et al., 2000; Beine et al., 2002¢ral, for fairly pure snow semi-infinite means about 50 cm in
Simpson et al., 2002a), and hydrogen peroxide photolysishe visible and 3cm in the IR (Zhou et al., 2003). For ex-
(Chu and Anastasio, 2005). More details on photochemistryample, we calculate using methods mentioned in Sect. 2.9
in snow can be found in Grannas et al. (2007). and detailed in Kokhanovsky (2006) that for pure snow with
SSA200cnf gt (d.r=320pm), a 17 cm thick snowpack
will have an albedo value within 1% of a similar semi-
infinite snowpack. In the case of snow with impurities, the
semi-infinite approximation will be valid for much shallower
snowpacks. Adding 100 ppb of soot to the above example
will lower the previous value from 17 cm to 1.4 cm.

Modeling the regional or global impact of snowpack photo-  Yet another simplification is due to the fact that the stan-
chemistry requires the input of the physical properties of thedard radiative transfer equation can be used for the interpreta-
snowpack averaged over large areas. Obtaining such largigon of optical measurements for densely packed snow grains
scale data from field observations is at best tedious and usyBohren and Beschta, 1979; Kokhanovsky and Zege, 2004).
ally impossible, as in the case of large ice caps and snovirhis is due to the fact that grains are quite large as compared
on sea ice, and upscaling ground observations to regionab the wavelengths in the visible and near IR. Also, they are
scales requires remote sensing. Remote sensing methodslly weakly absorbing. Therefore, coherent scattering ef-
are based on measurements performed by optical and miects are of no importance. This assumption, however, does
crowave instruments onboard satellites, and the combinatiomot hold for microwaves. Grains are then on the order of
of data from different spectral ranges offers the best potenthe wavelength and the dense media theories must be used
tial to complement field studies, as reviewed by Dozier andinstead of the standard radiative transfer equation. In partic-
Painter (2004). At present, however, the data that can beilar, the spatial correlation of scatterers and its influences on
retrieved from remote sensing is limited in its nature and ac-scattering characteristics must be fully accounted for (Tsang
curacy. Regarding the nature of the data, properties such at al., 2000).

3 Physical properties of snow, as determined from re-
mote sensing

3.1 General remarks
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A third complication is that snow properties vary in the light absorber. For instance, Perovich (2007) found that the
vertical direction. Therefore, the retrieval of the grain size snow albedo at 400 nm is reduced from 0.9 to 0.8 just due to
using near IR measurements, where the snow reflection funcsnowmelt.
tion is sensitive to the size of grains, combined with the as- The retrieval of snow grain size and concentration of pol-
sumption of a vertically homogeneous layer will give dif- lutants relies on the atmospherically corrected radiances. In
ferent answers depending on the wavelength used (Li et alparticular, atmospherically corrected satellite products from
2001; Zhou et al., 2003). Light of smaller wavelengths will the MODerate Resolutlon Spectrometer data (MODIS) (Ver-
penetrate to deeper layers, because generally light absorptianote and Vermeulen, 1999; Hall et al., 2001; Tedesco and
by ice grains is smaller for smaller wavelengths. This mean€okhanovsky, 2007) or Global Imager (GLI) (Aoki et al.,
that smaller wavelengths bring information not only from the 2007; Hori et al., 2007; Stamnes et al., 2007) data can be
upper snow layer but also from much deeper regions. This isised. The snow cover can be assessed directly from the snow
generally not the case for larger wavelengths. Sizes retrievedhask algorithm, e.g., as described by Hall et al. (2001) for
for different wavelengths can be used to estimate the vertiMODIS. MODIS enables the determination of snow cover
cal inhomogeneity of a snow layer (Li et al., 2001). Future with the resolution of 250 250 m in the visible and near
methods of snow grain size retrieval must rely on the meadR, and 506<500 m in the mid IR. Remotely sensed snow pa-
surements for a number of wavelengths (e.g., with a highrameters using the visible and near IR can be used in the re-
spectral resolution). This will enable the determination of trieval of other snow parameters (e.g., the snow depth) from
the grain size profile from the corresponding fitting routines. microwave measurements.

The retrieval of the grain size is based on the fact that The current capabilities of snow retrieval algorithms are
the snow grain single scattering albedo, which can be deterdemonstrated by works of Bourdelles and Fily (1993); Fily et
mined from the reflection function measurements and theoal. (1997); Aoki et al. (2000); Nolin and Dozier (1993, 2000),
retical model based on the radiative transfer theory (see, e.gand Painter et al. (2003). In particular, Painter et al. (2003)
Mishchenko et al., 1999), is highly dependent on the sizehave found a good correlation between the retrieved grain
of particles. Indeed larger sizes imply larger absorption ofsize and that measured on the ground. We stress here that the
light by grains, which can be detected from measurements ofjrain size measured by an orbiting instrument corresponds to
the reflection function. For the retrieval of the single scatter-the ratio of the volume of a grain to its surface area. This in-
ing of albedo, one must assume the phase function of snowiormation is not readily available from 2-D image processing
In the past, Mie theory (Mie, 1908) has been used for thisin field studies, andéSAmeasurements would be preferable.
purpose (Nolin and Dozier, 1993, 2000). Nowadays, vari- In many cases, however, complications arise because of:
ous non-spherical models are used (Mishchenko et al., 1999;
Kokhanovsky and Zege, 2004; Xie et al., 2006). We under-
line that equivalent spherical grain models can perform well
in the case of snow albedo measurements. However, satellite — reflectance reduction by vegetation, soil, and rock;
instruments measure the reflection function for a given inci-
dence and observation directions. Therefore, they are based
on the measurements of the directional properties of a sur- — vertical inhomogeneity of pollutants in snow;
face, which differ for non-spherical and spherical scattering
models (Mishchenko et al., 1999). The application of spher-
ical models leads to the unphysical dependence of the grain
size on the illumination or observation geometry. — thin bright snow layers over dirty snow such as surface

The grain size retrieved from near IR measurements canbe  hoar and diamond dust;
used to estimate the snow reflection function in the visible.
In ideal cases, i.e. if the snow layer can be considered semi-
infinite and vertically homogeneous, and in the absence of
outcropping rocks and vegetation, the difference between th&hese difficulties can result in large error in the analysis of
measured reflection function and the corresponding theoretieptical remote sensing data. These errors can in theory be re-
cal model can be attributed to pollutants in snow, at least forduced by multispectral analysis, i.e. by using data from sev-
dry snow. This enables the determination of the concentraeral optical bands, or even better, from hyperspectral analy-
tion of pollutants (Tanikawa et al., 2002) from space-bornesis, i.e. by using data from an even larger number of bands
instrumentation assuming a type of a pollutant (soot, dustthat will include microwave frequencies. The current state of
etc.). This is of importance because dirty snow reduces thesuch complex analysis methods have been nicely detailed by
albedo of the planet and contributes to warming of the Earth-Dozier and Painter (2004). Further up-to-date information
atmosphere system (Hansen and Nazarenko, 2004; Flanner eh the satellite remote sensing of snow using the broad spec-
al., 2007). The reduction of snow albedo due to snow meltingtral range from UV to microwaves is given in a recent special
must be not misinterpreted as the appearance of an addition&ésue of Remote Sensing of Environment (Tedesco, 2007).

— clouds, which can be difficult to differentiate from
sSnow;

— snow surface roughness;

— atmospheric corrections including the discrimination of
soot in air above snow from soot deposited in snow;

— the difficulty to separate the effects of snowmelt from
those of snow impurities on snow albedo.
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3.3 Microwave remote sensing

Microwave sensors usually operate at a single or at several

F. Domine et al.: Snow physics as relevant to snow photochemistry

3.3.1 Background: interactions between microwaves and

snow

frequencies in the range 1 GHz—100 GHz (or higher for atmo-Interactions between snow and microwaves differ from those
spheric sounding). This range corresponds to wavelengthsiith visible/infrared radiation by two main features:

from a few millimeters (a bit larger than snow grains diam-
eter) up to 30cm (the depth of an Arctic snowpack or of
an Alpine snow layer). Passive microwave sensors (called
radiometers) measure the radiation naturally emitted by the
surface. Their spatial resolution is coarse, typically a few
tens of kilometers. Active sensors illuminate the surface and
measure the echo. Active instruments include scatterometers
(imagers with resolution of few kilometers), synthetic aper-
ture radars (SAR, imagers with decametric resolution) and
altimeters (nadir looking radar).

Microwave remote sensing has the advantages that it ob-
serves the surface even in cloudy conditions, that it is weakly
sensitive to the water vapor or aerosol thickness (except at
some frequency bands) and that it does not rely on solar il-
lumination. These advantages are crucial for applications re-
quiring high temporal resolution such as the daily monitoring
of the snow cover, or studies during the polar winter.

Methods to retrieve several snow physical variables us-
ing microwave remote sensing have been developed and im-
proved for about 3 decades, initially, methods were devel-
oped to derive a single variable from the data. This concerns
the following variables:

— The presence of snow on the ground.

— The snow depth and snow water equivalent (SWE) on
the ground.

— The net accumulation. This is inherently the same vari-
able as the SWE, but applied to ice caps.

— Microwaves penetrate deeper through dry snow. The
e-folding depth depends on the absorption within the
ice, scattering by the snow grains, and on reflection
at the boundaries between snow layers. Absorption
mainly increases with density and scattering increases
with grain size and frequency. The typical one-way
e-folding depth is as large as hundreds of meters at
1GHz (e.g. frequency of the SMOS radiometer and
ALOS radar), about 10m at 5GHz (e.g. ENVISAT
ASAR radar and ERS altimeter), 2 or 3m at 19 GHz
(e.g. SSM/I radiometer), 0.5m at 37 GHz (SSM/I).

— The presence of liquid water in the snow radically in-
creases the absorption of microwaves and as a conse-
guence greatly reduces thedolding depth (to 1 cm at
19GHz). Even a few percent of liquid water content
efficiently absorbs microwaves. In practice, this differ-
ence between wet and dry snow implies that 1) differ-
entiating wet from dry snow is easy, but 2) variable-
retrieval algorithms work for dry snow only. Mi-
crowave measurements, therefore, can be used to screen
snowmelt cases for snow optical remote sensing algo-
rithms. This can be done, e.g., using synergy of mi-
crowave and optical sensors on European Space Agency
Environmental Satellite (ENVISAT)hitp://envisat.esa.

int/).

3.3.2 Passive measurements

— The presence (and possibly in the future the amount) ofRadiometers measure the thermal emission of the Earth ex-

liquid water in the snowpack.

pressed by the brightness temperature. The brightness tem-

peratureT;, of an opaque medium such as soil or rock is given

In most cases, the accuracy of the retrieval is difficult to as-
sess especially at the continental and global scales but it is

often found insufficient for numerous applications. Never- T, = e,y X T

theless further improvements are still expected since more
sophisticated algorithms are being written to retrieve simul-

taneously several interdependent variables, that include th%t

former ones as well as:

W

by:

(49)

hereg,,,, is the emissivity and the surface temperature.

For a transparent medium such as the snowpack, the re-
ionship is more complex, as emission reaching the sur-

face originates from a depth related to #éolding depth.

Soil covered by snow can therefore contribute to the emis-
sion. Usually, radiometers acquifg at several frequencies
(e.g. 19, 22, 37 and 85 GHz for SSM/I) and two polarisations:
vertical and horizontal. For a rigorous calculationZpf ra-
diative transfer equations need to be solved in the snowpack
and at some frequencies in the atmosphere (e.g. 22 GHz is
Before addressing the specific retrieval methods of each varihighly sensitive to water vapor, 37 GHz and higher are sen-
able, we briefly recall in the next section the bases of the in-sitive to intense liquid precipitation). Earlier snow radiative
teractions between microwaves and snow. We also revieviransfer models were based on the strong fluctuation theory
the forward models developed to predict microwave obser{Stogryn 1986, Surdyk and Fily, 1993 and 1994). The HUT
vations from snow characteristics. (Helsinki University of Technology) snow emission model

— The snowpack temperature profile.
— The grain size.
— The layering of the snowpack.

— The surface roughness.
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is semi-empirical (Pulliainen et al., 1999). It treats homo- 3.3.5 Application 2: Snow Depth and Snow Water Equiva-
geneous snowpacks and includes vegetation effects, which lent
are especially important in boreal regions. MEMLS (Mi-
crowave Emission Model of Layered Snowpacks, WiesmannA lot of effort has been devoted to retrieve Snow Depth (SD)
and Matzler, 1999) or the model based on Dense Media Raand Snow Water Equivalent (SWE: the height of water that
diative Transfer (Macelloni et al., 2001) are more complex,would be obtained by melting a column of snow), for in-
accounting for a multi-layered snowpack and for reflections,stance for hydrological applications (Grippa et al., 2005). SD
interference effects, etc. and SWE retrieval is based on the same principle as the snow
areal extent, but the idea is here to quantify the absorption
due to the snow covering the soil. Most studies use pas-
3.3.3 Active measurements sive microwave techniques as in the early work of Chang
et al. (1987). The uncertainties in the method are mainly
caused by the variations of attenuation due to grain size and
Active sensors measure the energy emitted by an antenngensity that change both spatially and through the season due
and scattered in the backward direction expressed by thgy metamorphism. Other effects such as the presence of for-
backscattering coefficienty. The coefficienty is sensitive  est or wet snow further complicate the interpretation. Many
to the scattering properties of the snowpack while thermalmethods have been developed to deal directly or indirectly
emission is negligible. Modeling the backscattering coeffi- with metamorphism including empirical methods (Josberger
cient knowing the snow properties is also based on the ragnd Mognard, 2002; Grippa et al., 2004), statistical methods
diative transfer theory (Zurk et al., 1996; Wen et al., 1990; (Davis et al. 1993; Tedesco et al. 2003; Chang and Rangol
Bingham and Drinkwater, 2000) and share common issue$000) and physical model-based methods (Pulliainen et al.,
with modeling in passive mode. 1999; Pulliainen, 2006; Wilson et al., 1999; Guo et al., 2003).
Figure 14 shows the snow depth retrieved in Siberia with
o ) metamorphism accounted for using an empirical approach
3.3.4 Application 1: Continental snow cover extent (Grippa et al., 2004).
Even under favorable conditions, such as over grassland,

these methods are still insufficient for most applications but

The most advanced application of microwave remote sensin% L .
) : ! provements can be expected as more prior information and
on continental surfaces is probably the large scale determina-

tion of the areal extent of the snow cover (Grody and Basist physical constraints will be added in the retrieval process (see
’[Sect. 3.3.8).

1996; Mialon et al., 2005). The detection is based on the fac _ . .
that snow attenuates the waves coming from the soil. In pas- Methods using SAR (high resalution radar) have also been

sive mode, the soil has a high than dry snow because it proposed (Bernier et al., 1999) to get much finer resolution

is both warmer and has an higher emissivity. As snow depth(N100 m versus 25km with passive microwave) at the ex-

increases, the soil upwelling waves are attenuated and th@_ensel off tSeVrchra! resbo “tﬁ'ciﬂ (rggrghl)it_ver?us da:jlly). R_e-
brightness temperature decreases. The decreased ampIituE'ﬂs‘eva 0 ; using IO : et' : da P|me ertar|1 2%?)525“’6
depends on the snow scattering properties and this is ugyheasurements were aiso investigate (Papaetal., )-

ally enhanced at higher frequencies (except in special cases; L ] .
Rosenfeld and Grody, 2000). This specific spectral sign<'iture§'?"6 Application 3: Net accumulation

is used to discriminate snow from soil. In active mode, the

soil acts as an opaque rough surface that backscatters eff(l?n ice sheets (Antarctica, Greenland), annual net accumula-
) . paq 9n ) . tion is a key-variable of the mass balance and measures the
ciently the incoming wave. Soil backscattering coefficients

are about one order of magnitude higher than those of Olryamo.unt of snow (in water equivalent height) left each year. A
dedicated method was developed for Greenland (Winebren-
snow. The snow layer attenuates the backscattered energy . .
thus decreasing the backscattering coefficient of bare soil er et al., .2001) and Antarctica (Arthern et al., 2006) using
" passive microwaves at low frequency (6 GHz).

The monitoring of snow areal extent using microwaves is Snow is usually a stratified medium where the dielectric
possible daily even during polar winter because it does notonstant varies due to vertical variations in density. These
require sun illumination (Groody et al., 1991), and is insen-variations are seen as interfaces by microwaves and at each
sitive to cloud cover. However, thin snow covers are unde-interface, wave reflection and transmission occur. The inter-
tected by microwave because of their larger penetration deptlesting point is that vertically (V) polarized waves are more
than in the visible/infrared, especially at the lowest frequen-transmitted than horizontally (H) polarised waves, especially
cies (Armstrong and Brodzik, 2001). The combination of near the Brewster angle (about°$0In passive mode, the V
both microwave and visible/infrared observations offers thepolarized waves emitted by the lowest layers are more trans-
best potential (Romanov et al., 2000) but requires accuratenitted than the H polarized ones and escape more easily from
cloud detection and daylight. the medium. As a consequence, the difference between H
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Fig. 14. Mean February Snow Depth (1989-2001) in Siberia retrieved using passive microwave data (Grippa et al., 2004). The algorithm
uses the difference between the brightness temperatures at 19 and 37 GHz. It accounts empirically for the increase in snow grain size during
the season.

and V polarized brightness temperatures is roughly propordifficult even with a moderate accuracy. It is now clear that it
tional to the number of layers within the penetration depth.is not possible to retrieve these variables individually, i.e. by
Furthermore, using the observed inverse correlation betweestand-alone algorithms. The simultaneous retrieval of many
the accumulation rate and the number of layers in a giversnow variables based on complex physical models and in-
snow depth (Shuman et al., 2001) allows an estimation of theversion techniques seems the most promising route. Earlier
snow accumulation rate. The validation of the method is stillworks on this route use neural network (NN) trained by an
needed. electromagnetic emission model (Tsang et al., 1992; Davis
In active mode, a different method to derive accumula-et al., 1993). Recently, various inversion techniques were
tion based on the difference between backscattering coeffiused instead of the NN (Pulliainen et al., 2006; Flach et al.,
cients at various incidence angles was developed for Greer2005; Guo et al., 2003; Wilson et al., 1999). In any case,
land (Drinkwater et al., 2001; Forster et al., 1999). the idea is the same: add physical information provided by
forward models to constrain as much as possible the inver-

3.3.7 Application 4: Melting/refreezing and liquid water sjon. Future developments will likely make use of forward

content radiative transfer models at multiple wavelengths from UV

o ) .. to microwaves coupled with models of the physical evolu-
The presence of liquid water is easy to detect as it Sig+o of the snowpack.

nificantly increases the absorption. In passive mode, as

absorptivity equals emissivity (Kirchhoff's law), emissivity

and in turn brightness temperature increase from dry to wett Developing snow photochemistry models from snow
snow. In active mode, the increased absorption decreases physics models

the backscattering coefficient coming from the soil. Vari-

ous techniques were developed for both passive and activél.-1 General considerations

for Greenland (Albdalati and Steffen, 1997 and 2001; Wies- ) )

mann, 2000), Antarctica (Torinesi et al., 2003; Picard angMathematical and numerical models are useful for test-
Fily, 2006: Liu et al., 2006) and boreal regions (Kimball et N9 hypotheses about snow-air interactions, the impact of
al., 2004). These methods have been successful to detect t§80W Photochemistry on atmospheric chemistry, and post-
presence/absence of water and the next step in the future m&{gPositional changes of snow properties and chemistry. The

be to derive quantitatively the liquid water content. choice of conceptual approach, model development, and use
of models depends strongly on the desired application. There

3.3.8 Application 5: Other variables: density, grain size are over a hundred different snow models, and their de-
and temperature tailed description is beyond the scope of this paper. Here
we discuss some of the existing models that simulate aspects

While it has been known for a long time that microwaves of the physics relevant to air-snow exchange for the study
were sensitive to snow variables such as density, grain sizef atmospheric chemistry. Similarly, there are hundreds of
and temperature (e.g. Ulaby et al., 19813tleler, 1994; Sher- atmospheric chemistry models that simulate heat, momen-
jal and Fily, 1994; Surdyk 2002), retrieving these variables istum, and chemical exchange within the atmosphere, and it
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is beyond the scope of this chapter to describe all of themthe snow surface down to the ground or underlying strata,
since none of them currently address processes in the undeand they sometimes also have an upper boundary condition
lying snow. Below, we describe classes of existing modelsinvolving a surface energy balance using meteorological data
and stress where aspects of those models may be useful to drive time-varying simulations. The governing equations
the current topic. involve a coupled set of partial differential equations, one
The dimensionality of any model constrains the processeshat solves for the flow field using boundary conditions of
that it can explicitly address. Zero-dimensional models can{ressure or prescribed flow, along with a partial differential
not include effects of physical processes or movement, angquation describing advective-diffusive transport of a scalar
are not used in physical modelling, however “box” models (temperature or chemical species) with the flow. Examples
are used in atmospheric chemistry where they perform an acef models in this category include the ventilation models of
counting of the species for what is put into and taken out ofAlbert (1996), Albert and Shultz (2002), and Neumann and
the box. This is useful for problems involving complicated Waddington (2004). Modelling has shown that layering is
stoichiometry. One-dimensional (1-D) models are needed first-order effect in transport in the snow and that buried
for gradient-driven processes, such as diffusion, when thénigh-permeability layers can act as conduits for faster flow-
driving gradients act along a straight line. One-dimensionaling air (Albert, 1999), that ventilation impacts the sublima-
models are reasonable choices in snowmelt hydrology andion of snow (Albert, 2004) and the isotopic content of snow
in boundary layer atmospheric chemistry when the energy(Neumann and Waddington, 2004), and that sampling of firn
driving the exchange is primarily in the vertical direction, air needs to account for surface air filtration to the subsurface
and in cases where movement in other directions can be igior sampling chemistry in firn air (Albert et al., 2002). The
nored. Because situations involving flow and advection aresnow properties that are required input for the snow physics
rarely unidirectional, parameterizations of multidimensional models above include snow density, permeability, and ther-
phenomena must be developed if they are to be simulated imal conductivity.
1-D models. The use of eddy diffusivities is an example of Since atmospheric input data cannot be obtained with the
a parameterization of a multidimensional situation for use innecessary resolution to make two- or three dimensional sim-
1-D modeling. Multidimensional models are used when anyulations of the snow in a real domain, the higher dimensional
geometry other than a straight line is important in the prob-models have only been used for idealized process studies.
lem, and usually involve problems of convective flow and Any real domain simulation of the snow cover will be with
transport, although they are used in cases of diffusion whemlistributed 1-D models (Lehning et al., 2006) for any fore-
the geometry of the problem requires it. Examples whereseeable future. The most advanced process representation
multidimensional models are needed include wind-driven in-has been achieved with physical models used for avalanche
terstitial air flow and transport over and through rough sur-warning. The models SNOWPACK (Lehning et al., 1999)
faces, investigations of flow and transport around samplingand CROCUS (Brun et al., 1991) have a full set of metamor-

equipment, etc. phism parameters, which help describe not only the energy
and mass balance in snow but also the development of snow
4.2 Snow physics models types, storing the full metamorphic history of deposited snow

and linking the bulk properties conductivity and viscosity

A number of 1-D models exist for snow that are driven by to snow microstructure (Lehning et al., 2002a). Lehning et
a surface energy balance boundary condition and use datal. (2002b) also show that the effect of snow ventilation can
input for changing meteorological conditions to drive simu- be included in a one-dimensional model using a parameter-
lations of snow accumulation, densification, and melt. Theijzation of the thermal conductivity and diffusivity, although
domain of these models extends from the snow surface dowpecent wind tunnel measurements show that this effect may
to the ground or underlying strata. Examples of such mod-have been overestimated previously.
els include SNTHERM (Jordan, 1991), CROCUS (Brun et
al., 1992) and SNOWPACK (Lehning et al., 1999). The gov- 4.3 Current approaches to model snow photochemistry
erning equation is 1-D heat conduction, snow is assumed to
be a continuum, and parameterizations for effects of grairModels for investigating snow chemistry to date have each
growth and changing snow properties over time are includedconcentrated on one chemical species or one class of species,
Models of this type are most often used for forecasting snowand have parameterized the creation and decay of that species
conditions for hydrological applications (e.g. Mote et al., in the code. Thus they have not included details of het-
2003), solving heat transfer problems (e.g. Jordan and Anerogeneous chemistry or photochemical processes. Models
dreas, 1999), and for use in modelling snow parameter evoef this type include one-dimensional investigations of hy-
lution (e.g. Lefebre et al., 2003; Zappa et al., 2004). drogen peroxide in snow by McConnell et al. (1998) and

Multidimensional snow physics models have been develformaldehyde in snow by Hutterli et al. (1999). The mod-
oped to study issues of flow and transport in snow. Like theels of McConnell and Hutterli incorporate the 1-D snow
models described above, their domain usually extends fronphysics model SNTHERM (Jordan, 1999) to calculate the
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snow temperature under varying meteorological conditionswherep, is water vapor density; is the interstitial air flow
but also include separate modules to calculate the diffusion ofventilation) velocity,D; is the diffusion coefficient for vapor
chemical species. Ventilation was accommodated in the Mcflow in snow, ands, is the source of water vapor due to phase
Connell model by increasing the gas diffusivity parameter.change, where

None of the 1-D models explicitly calculate the flow field,

which is a multidimensional phenomenon. Two-dimensionalSv = /m SSA(pu,sat— pv) (53)
models that calculate both the flow field and transport of
chemical species have been used to investigate ozone d

s’ilructlon (Alb%rtvflt 3'&’. 29[02) gggfogo‘:'hc ey[ﬂlutlon n ?ngw density (Albert and McGilvary, 1992). Experimental deter-
,E_ eurpta;]nn ?]n X al Ing Or/"_ K ), both with parame eMZ31ination of the mass transfer coefficient in snow is given in
ion of the chemical source/sink. Neumann et al. (2083,

The aspects that these models need to describe include theAlbert and McGilvary (1992) demonstrated that the heat
transport of scalars such as heat, mass or Che”.“‘:a' SPECISPanster associated with vapor transport is significant in the
Such transports can be described by the governing transpoEKi

i f " > for whi etermination of the overall temperature profile of a venti-
equations for non-reactive gases, or reactive gases 1or WhiClL; oy gpqyy sample, but that the major temperature effects are

the reactions have beef_‘ param_eterlzed. For exgmple, 9%ntrolled by the balance between the heat carried by the dry
transport through snow is described by the following €aua-air flow through the snow and heat conduction due to the
tion in one dimension, which allows for the parameterizationtemperatures imposed at the boundaries. For high porosity
of chemical reactions: snows such as fresh snow or depth hoar, the thermal con-
aC, aC, ad aC, iVity i ici '
bu =l 4 vt = g [Du_a:| +S. (50) ductivity is su_ff|C|entIy low that air flow through snow can
ot ax 0x cause advection-controlled temperature profiles. This was

whereh,, is the mass transfer coefficiel®@SAis the specific
Surface area of the snow, amd sat is the saturated vapor

0x

whereC, is the concentration of the species in the air space démonstrated in a field experiment (Albert and Hardy, 1995)

t is time, x is spatial locationy is the interstitial air flow ve- ~ Where the immediate temperature effects from ventilation
locity (usually taken to be Darcy flow through snov)y is appeared When. flow' was mduced.m natural seasonal snow.
the diffusivity of the gas in snowp, is the porosity, and, For lower porosny, higher conductivity snow, s_uch as _vvmd-

is the source term. If there is no air flow through the snow, Packed snow or fim, the thermal conductivity is sufficiently
thenv=0, the velocity term on the left hand side of Eq. (47) high that thel temperature profile will be dommateq bylthe
drops out, and the interstitial transport in that case is by simheat conduction profile, even though there may be significant
ple gas diffusion. The source teri§,, may take on various af flow through the snow (Albert and McGilvary, 1992).

forms depending on the type of chemistry modeling being Some simpler approaches have attempted to model snow
used to estimate reversible transfer between the ice crystaemistry without describing transport. In particular, persis-
and the interstitial air. Firn air chemistry models published t€nt organic pollutants have a simple behavior in snow, be-
to date can be considered parameterized models, in that the§RUSe they are unreactive and are thought to undergo only
use parameterizations to relate gas concentrations in the ic@dsorption/desorption processes, and box models have been
to those in the firn air, rather than tackle the detailed stoi-Used to describe their exchanges between the atmosphere and
chiometry involved in the reactions. A typical parameterized the snow (Daly and Wania, 2004). However, these models
model estimates the chemical exchange between the ice cry@r€ not able to treat detailed snow processes and the numeri-

tal and the firn air as : cal solution of a joint atmosphere-snow model with a detailed
representation of snow models has not yet been achieved.
=S¢ = 0ikp(CaKp—Ci) (51) Next-generation snow photochemistry models will need to

wherek; is a mass transfer coefficierk; is the ice-air ~ improve upon the 1-D modeling above by including variables
equilibrium partition coefficient (both of which are temper- thatare crucial to quantify chemistry, such as specific surface
ature dependent); is the ice fractionC, is the concentra- ~area §SA and light fluxes in the snow, and a more sophisti-
tion in air andc; is the concentration in ice. Models of this Ccated description of the actual photochemical processes tak-

type include those of McConnell et al. (1998) and Hutterli et ing place in the snow. Coupling with 1-D modeling of atmo-
al. (1999). spheric chemistry will be required to permit investigations

The interstitial air flow velocity is given by Darcy’s law Of the complicated phenomena across the atmosphere-snow
(Eq. 6) and depends on the viscosity of air, on the snow perinterface.
meability, and on the spatial pressure gradient. The anal- RegardingSSA this variable can change rapidly during
ogous equations for heat transfer are given by Albert andnetamorphism (Cabanes etal., 2003; Legagneux etal., 2004;
McGilvary (1992). The transport of water vapor through the Taillandier et al., 2007) and these changes must be described.
snow is described by:
dpv +v810v _ 0 |: YB,OU

=—|D—|+S 52
at ax  dx ‘ax]+” (52)

2Neumann, T. A., Albert, M. R., Engel, C., Courville, Z. R., and
Perron, F. E.: Sublimation rate and the mass-transfer coefficient for
snow sublimation, in review, Int. J. Heat. Mass. Tran., 2008.
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Fig. 15. Possible locations of reactive species in snow, using the ex-
ample of HO5. HoO, can be located in the gas phase, adsorbed on
the surface of snow grains, or dissolved within snow grains or at the_ . .

ig. 16. Measurements and calculations of the thickness of the sur-

boundary between grains, and move between these compartment';. ) . .
ce premelt layer as given by various authors using several meth-

Other species can also be contained in aerosol particles trapped F .
the snow. ods: ellipsometry, ELD (Elbaum et al., 1993), FYK (Furukawa et

al., 1987) and BN, (Beaglehole and Nason, 1980); proton chan-
neling, GJ (Golecki and Jaccard, 1978); theoretical predictions, F
(Fletcher, 1962, 1968) and ES (Elbaum and Schick, 199hasal

Since models such as SNOWPACK and CROCUS providesélg;iﬁse;taél plrgsgat&;;:;ﬁfigggdzgg\ie\;\;lth permission from

a detailed description of known snow metamorphism, it is
possible that they can also be used to parameterize snow
SSA Likewise, SNTHERM describes crystal size distribu-
tion and might be used to prediSSA Domine et al. (2007)
propose to determin8SAfrom density using empirical cor-
relations, and show that also taking into account the snow, . :
crystal type, which is predicted by these models, leads toSnOW for_msacomplex multiphase phqtocatalytlc regctorun-
good predictions. Alternatively, it may be possible to useOler the influence of the SOIf’ir rad|at_|on (e.g. Domine ?‘”d
Egs. (14) and (15) detailed in Sect. 2.3 to pre@&Afrom .Sheps.o_n, 2.0 0.2) where reacpve Species can be Iocated. n the
the age and metamorphic history of the snow. The modefnterStItIaI ar, In aer.osol pa}rt|cles trapp(_ad mthg snow, within
of Flanner and Zender (2006) may also be used, although irce crystals, at the ice-air interface, or in the disordered sur-

would increase computing time. A thorough assessment o ace layer of ice crysta!s (Fig. 15.)' A ful sfnow.photoche.m—
Istry model has to consider chemical reactions in these differ-

the error on the rate d8SAdecreases induced by approxi- i ; ts. althouah th i f £ th
mating crystals by spheres is also in order. Regarding th&Nt compartments, althougn the properties of some of these

light flux in snow, models such as SNOWPACK and CRO- compartments are poorly characterized. In particular, the sur-
CUS also have \;ersions that calculate the shortwave radi face layer of ice crystals has stirred much interest, interroga-

at_ions, and controversy (Baker and Nelson, 1996; Baker and

tion flux in wavelength bands for each snow layer (Meirold- ) R
Mautner and Lehning, 2004), and this may represent a firs ash, 1_996’ Chen_ and Crutzer_l, 1994’ 1995’ Knight, 1996a,
). Various experimental studies using ellipsometry (Bea-

step towards predicting light fluxes in snow photochemistry lehole and Nason. 1980: Elbaurm et al.. 1993: Furukawa et

models. However, as detailed in Sect. 2e, the attenuation 0$| 1987b). atomic f . ] hmidt and
UV and visible light in snow is mostly due to absorption by al., ), atomic force microscopy §ppenschmidt an

impurities. Since these absorbers mostly come from the at!3 utt, _20.00)’ or X-Ray diffraction (D.O sch, 1992; [.)OSCh etal.,
mosphere, an atmosphere-snow coupled model will probabl 995.’ L|e_d et al., 1994) have prowd_ed cIear_ ewdt_ance th_at a
be required to predict depth-resolved light fluxes in snow. special disordered surface layer exists on ice with a thick-
ness of a few tens of nanometers down to temperatures of
But the greatest difficulty in writing an integrated snow 10-20C below the ice melting point (e.g. Dash et al., 1995;
photochemistry model is doubtless the description of the2006). This layer is often called the quasi-liquid layer (QLL)
photochemistry itself. Our current limitations in our under- because it has some liquid-like properties. For example, the
standing of this field are detailed in Grannas et al. (2007). Inrefractive index (Furukawa et al., 1987a, b) and the diffusion
the next section, we briefly develop those aspects most reeonstant (Mizuno and Hanafusa, 1987) are intermediate be-
lated to snow physics. tween those of water and ice. Moreover, further observed

To-T[°C]

4.4 The challenge of describing actual snow photochem-
istry in snow physics models
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effects such as the degree of disorder and layer thickness irbe applied to natural snow. In some cases, the results of labo-
crease with rising temperature (Fig. 16), which is consistentratory studies might be biased because concentrations higher
with theoretical predictions based on molecular dynamicsthan those present in natural snow were applied, leading to
calculations (e.g. Girardet and Toubin, 2001), wetting the-the formation of a thicker QLL or even a true aqueous phase
ory (Dash et al., 2006; Petrenko and Whitworth, 1999), oras predicted by phase diagrams. Nevertheless, some of these
multimolecular adsorption (Henson, 2005). studies used impurity concentrations in th® range typ-
Recently Kahan and Donaldson (2007) have usedcal of natural snow, and led to the same conclusions. Of
molecules and chemical processes to probe the very surfagaore concern is the fact that some studies used droplets of
of the QLL. By comparing fluorescence spectra and photol-solutions that were flash-frozen in liquid nitrogen as a snow
ysis rates of polycyclic aromatic hydrocarbons adsorbed ommimic, resulting in very small crystals with a large num-
ice and water surfaces, they concluded that the surface of thieer of triple junctions, where a true liquid phase may have
QLL is different from that of water. This conclusion was later been present. This interpretation is consistent with the work
confirmed by a Raman spectroscopic study of the surfaces abf Huthwelker et al. (2001) who showed that temperature-
ice and water, which showed different degrees of hydrogerdependent S@uptake into packed ice bed can be explained
bonding between the water molecules at the surface of icdoy the dissolution into triple junctions, rather than by the up-
and water (Kahan et al., 2007). take into a quasi-liquid layer. This may then explain why the
Physical and chemical methods therefore indicate thabbserved chemistry could be described using liquid phase
both the QLL and its very surface are different from liquid rate coefficients. Clearly, understanding the differences in
water. The QLL therefore is not simply a layer of super- the microstructure between natural snow and snow mimics is
cooled water on top of the ice surface, which would freezecrucial to understand photochemical processes in both natu-
readily in contact with ice. It rather exists because it lowersral snow and in laboratory experiments.
the ice-air interfacial energy. Moreover, the presence of im- Experimental studies of gas adsorption on ice at temper-
purities on the ice surface increases surface disorder as sugitures relevant to most snowpacks>(¥35°C) are limited
gested from theoretical considerations (Beaglehole, 1991(Huthwelker et al., 2006) and include compounds like nitric
Wettlaufer, 1999). Indeed, experimental evidence exists thacid, sulphur dioxide, hydrogen peroxide, nitrogen oxides,
the presence of HCl induces some disorder on the ice surfacgé-pentanol, acetic acid, and phenanthrene on ice surfaces
down to a temperature of 200K (McNeill et al., 2006) and (Conklin et al., 1993; Clapsaddle and Lamb, 1989; Laird
that a disordered phase forms in frozen brine solutions (Ch@and Sommerfeld, 1995; Clegg and Abbatt, 2001; Bartels-
etal., 2002). Rausch et al., 2002; Sokolov and Abbatt, 2002; Domine et
Due to its liquid-like properties, it is tempting to use lig- al. 2007b). There are also a few studies of the sorption of or-
uid phase reaction rate coefficients to model QLL chemistry.ganic compounds on snow (Roth et al., 2004; Domine et al.,
Laboratory studies concerning photochemical reactions i2007b). While the location of most absorbed trace gases in
snow and ice have been analyzed using established liquignow is unknown, laboratory experiments indicate that acidic
phase reaction pathways. For example, liquid phase mechgases, such as HCI, HNOSO,, and HONO also diffuse into
anisms were applied to the photolysis of nitrate in ice anda yet unexplained reservoir (Huthwelker et al., 2006). For
snow (Honrath et al., 2000; Dubowski et al., 2001; Chu andH>05, similar conclusions can be drawn from both labora-
Anastasio, 2003; Cotter et al., 2003; Boxe et al., 2005, 2006tory experiments (Conklin et al. 1993b) and field measure-
Jacobi et al., 2006). The approach has been justified a postenents (Jacobi et al., 2002), which showed that more than 80
riori by the good agreement of the experimental results with% of the hydrogen peroxide in the fresh snow was not located
the description using the liquid phase mechanism. More-at the surface of the snow crystals. At first sight, bulk up-
over, Chu and Anastasio (2003, 2005) demonstrated that thiake processes appear somewhat surprising as ionic species
temperature-dependent quantum yields of the nitrate and hyare much more soluble in water than in the ice crystal ma-
drogen peroxide photolysis in ice agree well with quantumtrix (e.g. Gross and Svec, 1997; Thibert and Domine, 1997,
yields obtained in liquid solutions and extrapolated to sub-1998). Hence, one would expect ionic concentrations to be
zero temperatures. More recently, Jacobi and Hilker (2007)much higher in any liquid-like or liquid confined reservoirs,
proposed a simplified reaction mechanism including reactiorsuch as the QLL, grain boundaries or triple junctions. How-
rates for the photolysis of NDin natural snow based on ever, at present, there is no convincing identification of the
the assumptions described above. After adjusting the ligreservoir. It is noteworthy that, in contrast to acidic gases,
uid phase rate constants, a good agreement was obtaingke uptake of most organic vapours can be explained solely
between the calculated and the observed concentration timiey adsorption without invoking any bulk process (Roth et al.,
profiles of nitrate and nitrite. These laboratory studies seen2004; Bartels-Rausch et al., 2005).
to indicate that for the chosen experimental conditions the Similar to the QLL, grain boundaries and triple junctions
investigated reactions proceed in a QLL having propertiesthat form during snow metamorphism are other poorly char-
similar to those of liquid water. acterized compartments. They are possibly disordered or
However, it is not clear how these laboratory studies canmay consist of a bulk liquid solution due to the melting point
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depression induced by dissolved impurities and the Kelvin5 Conclusions

effect of curved surfaces (Nye, 1991; Mader, 1992a, b). Sul-

phates and other ions have indeed been found in triple juncThis overview shows that snow is a complex multiphase

tions using different microscopic techniques (Mulvaney etmedium whose physical properties change over time. Even
al., 1988; Fukazawa et al., 1998; Cullen and Baker, 2001though the physics governing these changes is not fully un-
2002; Barnes et al., 2002; Baker et al., 2003; Barnes andlerstood, many experimental studies have produced empiri-
Wolff, 2004). Such reservoirs may be suspected to have #al relationships that have allowed the construction of snow
profound impact on chemical processes in snow. physics models that reproduce in a satisfactory manner ob-
servations of snow evolution. Several complications arise if

tive interpretation of chemical processes in snow, it must be>"°W Photochemistry is to be described by snow models.

stressed that no direct experimental evidence exists for its | "€ first one is to parameterize adequately variables of
role in chemical reactions on the ice surface, since it is cur-SPECIfic importance to photochemistry such as specific sur-
rently impossible to distinguish between processes on the ic£Ac€ area%SA and the light flux in the snow. Recent ex-

surface or in the QLL. Other uncertainties include the ex- perim_ental and modeling studies ﬁSA_(Lega_gneux etal, _
act nature of the QLL and its volume, the exact distribution 2002; Flanner and Zender, 2006; Taillandier et al., 2007;

of the impurities between the different compartments, and in2°mine et al., 2007a) provide some basis for the parame-

particular the location (particulate vs. other phases) and spe€/ization ofSSAIn future models. Regarding the light flux
ciation of organic impurities in the snow. in snow, we have explained above that it could be predicted

) ) . knowing snow scattering properties and absorption. Scatter-
From a fundqmental_ point of view, complex chemlcql ing is explained by snow physics, so that being able to predict
trgnsformatlons in multiphase sy;tems can be treated usingn ow densitySSAand grain shape will allow the parame-
differential equations of the following form: terization of scattering. Absorption at the photochemically
active wavelengths (UV and visible) is mostly due to de-
dCip posited aerosols, whose amounts in snow depend on meteo-
- Prn—LinCrn+Trn (54)  rology, atmospheric composition, snow permeability and sur-
face structure. Therefore, coupling to an atmospheric model
treating aerosols appears mandatory if light fluxes in snow
are to be predicted with confidence.
The second difficulty is to be able to describe the com-
plex chemistry taking place in snow, and this is certainly

In compartmentr, andT; , IS the transport .lOSS or gain of the toughest challenge. At present, we do not understand
specied in compartment with respect to adjacent compart- . " ; "
where impurities are located in snow, so that writing the cor-

ments. Because the chemical and transport terms depend on . . ; 4
ect chemical reactions is for the most part a guessing game.

concentrations of other species or concentrations in differenf: : . : . :
; : r example, in the photolysis reaction of the nitrate ion that
compartments, these equations constitute a set of dependen? . . i ) ; i
. . . . . produces nitrogen oxides, is the nitrate ion present as a min-
differential equations, which need to be solved using estab- . ; . .
: . . eral saltin particles trapped in snow, as suggested by Beine et
lished integration schemes. ; . ) 7
) ) al. (2006), or as a species dissolved in the quasi liquid layer

Further crucial parameters when modelling snowpack pro-t the surface of snow grains, as proposed in many labora-
cesses are the specific surface af®84, the number den-  tory studies and inferred from some field studies (e.g. Beine
sity and size of the grain boundaries and triple junctions, theet al., 2002; Jacobi and Hilker, 2007)? The nitrate ion could
thickness of the QLL, and the number density and locationg|so be in triple junctions, as suggested here in the proposed
of aerosol particles trapped in snow. re-interpretation of the data of Jacobi and Hilker (2007).

For practical matters, using all these parameters in a gen- From a wider point of view, the ultimate aim of any
eral scheme poses a difficult task, since we lack detaileghysico-chemical snow model is to understand and predict
knowledge about compartment sizes and the concentrationsiatural systems. Field measurements provide information
solubility, reaction and photolysis rates of the various speciesibout the behaviour of the overall complex system. However,
involved in the different compartments. Another possible ap-as the predictive capability of field measurements is limited,
proach, avoiding the difficulty of knowing where reactants laboratory measurements which address the thermodynam-
are in the vicinity of the ice surface, would be to use effec-ics and kinetics of individual processes are essential to un-
tive rate coefficients including reactions in all compartments.derstand the importance of specific processes, and hence to
This would enable the description of snow chemistry without build predictive models.
requiring data that will probably not be available in the near Clearly novel approaches that require close collaboration
future. However, such effective coefficients will probably de- between field, laboratory, and modeling studies are required
pend on overall snow chemistry and physical properties, sdo determine the nature and location of reactants in natural
that their predictive value will be limited. snow. Until a better understanding of these crucial aspects

While the QLL may be successfully invoked for qualita-

whereCy , is the concentration of the specigsn compart-
mentn, ¢ is time, Py, is the chemical production of species
I in compartment, L, , is the chemical sink of specids
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is reached, our progress in designing a predictive model ofilley, R. B. and Koci, B. R.: Ice-core analysis at site A, Greenland

snow photochemistry will be severely limited. : preliminary results, Ann. Glaciol. 10, 1-4, 1988.
Alley, R. B., Saltzman, E. S., Cuffey, K. M., and Fitzpatrick, J.
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