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Evolution of the Snow Area Index of
the Subarctic Snowpack in Central
Alaska over a Whole Season.
Consequences for the Air to Snow
Transfer of Pollutants

A.-S. TAILLANDIER,"* F. DOMINE,* .#
W. R. SIMPSON,#S M. STURM, !
T. A. DOUGLAS,!' AND K. SEVERINH

CNRS, Laboratoire de Glaciologie et Géophysique de
U'Environnement, BP 96, 38402 Saint-Martin d’Heres Cedex,
France, Geophysical Institute, Department of Chemistry, and
Department of Geology and Geophysics, University of Alaska
Fairbanks, Fairbanks, Alaska 99775, and U.S. Army Cold
Regions Research and Engineering Laboratory, Fort
Wainwright, Alaska 99703

The detailed physical characteristics of the subarctic
snowpack must be known to quantify the exchange of
adsorbed pollutants between the atmosphere and the snow
cover. For the first time, the combined evolutions of
specific surface area (SSA), snow stratigraphy, temperature,
and density were monitored throughout winter in central
Alaska. We define the snow area index (SAI) as the vertically
integrated surface area of snow crystals, and this
variable is used to quantify pollutants’ adsorption. Intense
metamorphism generated by strong temperature gradients
formed a thick depth hoar layer with low SSA (90 cm? g~)
and density (200 kg m~3), resulting in a low SAl. After
snowpack buildup in autumn, the winter SAl remained
around 1000 m¥m? of ground, much lower than the SAl of
the Arctic snowpack, 2500 m? m~2 With the example of
PCBs 28 and 180, we calculate that the subarctic snowpack
is a smaller reservoir of adsorbed pollutants than the
Arctic snowpack and less efficiently transfers adsorbed
pollutants from the atmosphere to ecosystems. The difference
is greater for the more volatile PCB 28. With climate
change, snowpack structure will be modified, and the
snowpack’s ability to transfer adsorbed pollutants from
the atmosphere to ecosystems may be reduced, especially
for the more volatile pollutants.

Introduction

Snow is a material with a high surface area (I) that interacts
with atmospheric chemistry through processes such as
adsorption of trace gases, trapping of particles, and catalysis
of heterogeneous photochemical reactions, resulting in a
major impact on polar atmospheric chemistry (2). For
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example, measurements and models showed that falling snow
adsorbs semivolatile organic chemicals (SVOCs) and removes
them from the troposphere more efficiently than rain (3, 4).
Once deposited, the seasonal snow cover represents an active
reservoir for trace gases that is supplied by precipitation and
dry deposition events. The snowpack may subsequently
release these trace gases to the atmosphere (5—8) through
processes involved in metamorphism, such as those that
reduce snow surface area available for gas adsorption (9, 10).
Alternatively, these gases may be transferred to terrestrial
and marine ecosystems during snowmelt, supplying both
nutrients and toxic contaminants with adverse effects on all
life forms (11). Understanding air—snow exchanges of trace
gases is therefore important to understand atmospheric
chemistry and the air—ecosystems exchange of chemicals in
polar regions and also to be able to reconstruct past
atmospheric compositions from ice cores (12, 13).

To quantify air/snow exchanges of adsorbed species, one
needs to know the specific surface area (SSA) of snow, i.e.,
its surface area accessible to gases (14), usually expressed in
cm? g~1. Houdier et al. (8) observed a fairly good correlation
(R? = 0.70) between acetaldehyde concentrations in Arctic
snow and snow SSA, from which they deduced that adsorp-
tion onto snow crystal surfaces was one of several mecha-
nisms explaining the incorporation of CH;CHO into the
snowpack. Herbert et al. (15) observed a rapid decrease of
SVOCs concentrations in snow associated with the aging of
surface layers. They proposed that this re-emission of
contaminants to the atmosphere was due to the decrease in
snow SSA, although that variable was not measured.

To date, only a few studies have measured the SSA of the
snowpack. The only investigation of the potential of the whole
snowpack for the adsorption of trace gases is that of Dominé
et al. (1), who measured what they called the total surface
area (TSA) of the Arctic snow cover, once in February and
once in April. The definition of the TSA is the vertically
integrated surface area of snow, expressed in m?/m? of
ground. This dimensionless variable is calculated from the
sum for all snow layers of the product of SSA (cm? g™ 1), density
(g cm™3), and thickness (cm) of each layer. Here, by analogy
to the leaf area index (LAI) used to characterize surface
exchanges between the vegetation and the atmosphere (16),
we propose to rename this variable “snow area index” (SAI).
Dominé et al. (I) observed an increase in Arctic snowpack
SAI from 1720 m? m~2 in winter to 2740 m? m™2 in spring,
corresponding to the increase in snow accumulation. In
subarctic environments, the snowpack shows different
characteristics and has been called the taiga snowpack by
Sturm et al. (17). Together with the Arctic snowpack [also
known as “tundra” snowpack (17)], both represent the most
important types of snow cover on Earth, with regard to spatial
and temporal extent. Yet there is no data about the SAI of
the subarctic snowpack.

This paper describes for the first time the evolution of the
subarctic snowpack SAI during an entire winter to quantify
its potential for gas uptake from and release to the atmo-
sphere. Snowpack stratigraphy, temperature, and density
profiles were also monitored. The crystal morphological
changes associated with snow metamorphism were followed
using optical and environmental scanning electron micro-
scopes (ESEM). An application to chemical aspects is given
as an example of the impact of the subarctic snow cover on
atmospheric composition. This work complements that of
Sturm and Benson (18), who produced a detailed study of
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FIGURE 1. (a) Air temperature and wind speed (dotted line),
respectively at 60 cm and 3 m above the ground surface during the
winter 2003/2004 at the LARS site, central Alaska. (b) Mean
temperature gradient in the snowpack and snowpack height (dashed
line). The temperature gradient is calculated between the snow/
ground interface and the buried sensor closest to the top of the
snowpack. The critical temperature gradient of 20 C m™~" thought
to be necessary for depth hoar development (21, 22) is marked by
a horizontal line.
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the seasonal evolution of the subarctic snowpack but did
not measure SSA or SAL

Methods

Field Measurements. The seasonal subarctic snowpack was
studied during winter 2003/2004 at the Large Animal Research
Station (LARS) of the University of Alaska Fairbanks (64°52'
N/147°44' W). The snowpack was sampled at least weekly or
more frequently as dictated by snowfalls. The sampling
procedure is described in earlier work (I, 19). Briefly, a new
snow pit with vertical faces was dug each time to observe the
stratigraphy and identify the layers of interest. Density was
measured continuously with an accuracy of about 5% by
weighing a core of known volume. A 3-cm resolution was
used at the top of the snowpack and 5-cm resolution deeper
down, regardless of layer boundaries, as some layers were
too thin to be measured individually. For SSA measurement,
about 100 cm?® of snow was collected in a glass vial with a
stainless steel spatula thermally equilibrated with the snow.
The vial was immediately immersed in liquid nitrogen to
stop metamorphism until its content was transferred to the
SSA measurement container in a cold room at —17 °C. Each
snow sample was observed and photomicrographs were taken
under reflected light with a reflex camera fitted with bellows
and a macrolens. Additional images were obtained with an
ESEM, as detailed earlier (20).

To measure the temperature gradient in the snowpack,
avertical string of temperature sensors with 7.5-cm spacing
connected to a data logger was positioned on the study field
before the first snowfall. Meteorological data continuously
monitored on site included air temperature and wind speed,
respectively 0.6 and 3 m above the ground (Figure 1a).
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Measurements of the Specific Surface Area of Snow.
Snow SSA was measured by adsorption of methane at liquid
nitrogen temperature (77 K), as detailed in Legagneux et al.
(14). A mathematical treatment (23) was applied to the
adsorption isotherm obtained to derive the SSA. The method
has a reproducibility of 6% and an accuracy better than 12%
(14). In comparison to the work of Legagneux et al. (14), the
shape of the stainless steel container holding the snow sample
and of the tubing connecting it to the pump were modified
to reduce pumpdown time and to facilitate snow transfer
into the container. The volume of the container holding the
snow was reduced to half its previous value in this new
configuration.

After the release of Legagneux et al. (14), an experimental
artifact due to CH,4 adsorption on the stainless steel walls of
the container holding the snow was detected, as already
mentioned by Legagneux et al. (14) and detailed in Domine
et al. (25). Its effects were quantified by measuring the
adsorption isotherm of CH4 on the empty container and
corrected by considering simultaneously both adsorption
equilibria on stainless steel and snow. The magnitude of the
correction increased with decreasing surface area of the
sample. It was less than 10% for samples with a surface area
greater than 1 m? (this applies to >90% of samples) and
increased to 50% below 0.2 m2.

Results

Meteorology. Central Alaska is marked by a cold continental
climate with dry winters. Mean annual precipitations is 270
mm with a summer maximum, the driest month being April
(http://climate.gi.alaska.edu). The study site was chosen for
its open forest conditions. Central Alaska is not very windy,
resulting in frequent strong temperature inversions. Over
the winter, wind speed did not exceed 4.5 ms™! (16 km h™1)
at 3 m height (Figure 1). Wind speed was somewhat higher
at the end of winter. Snow accumulation was low: the
snowpack reached its maximum height of 55 cm by mid-
March (Figure 1), but most of the accumulation took place
in November—December. This was a typical winter season,
as the mean maximum height over the last 60 years is 57 &+
20 cm (http://climate.gi.alaska.edu). The snowpack formed
from precipitation events a few centimeters thick at the most.
The snow cover lasted over 5 months, from the end of October
to mid-April. The onset of snowpack buildup was a bit late,
asitusually starts in early October. Air temperature averaged
—15 °C throughout this time period (Figure 1a), with a mean
of —23 °Cin December—January. Once snow first deposited,
the snow/ground interface remained frozen, with an average
temperature of —3.6 °C between November 10 and April 1
with a minimum of —5.7 °C on February 1. The cold air
temperature together with a thin snowpack allowed the
establishment of strong temperature gradients, reaching a
maximum of 198 °C m™~! when the snowpack was only 15 cm
deep in November (Figure 1b).

Snowpack Morphology and Stratigraphy. The study site
was in a fairly planar and gently south sloping open field.
Falling snow was not intercepted by the canopy, providing
a homogeneous snow cover at the 100 m scale, enabling a
good reproducibility between contiguous snow pits. This kind
of open forest landscape is reasonably representative of
Fairbanks surroundings, and the observed stratigraphy
corresponds well to what Sturm et al. (17) called a taiga
snowpack, with the stratigraphic sequence close to that
described in Sturm and Benson (I8). In forested areas,
however, snow accumulation and SAI are smaller, because
up to 40% of precipitation is lost to interception by the canopy
and subsequent sublimation (26). Other causes of spatial
variations include wind that transports snow (27), but this
is not a strong actor in the taiga, and synoptic variations in
weather (27). From trips within a 150 km radius around
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FIGURE 2. Stratigraphy of the natural snowpack on the ground at four different stages in winter 2003/2004.

Fairbanks, we estimate that about 90% of snowpack heights
were within 50% of the value at our site that year, i.e., 27 to
82 cm, with a similar snowpack structure. To a first
approximation, we suggest that this 50% factor also applies
to SAL

The evolution of crystal morphology was observed
throughout the winter in a layer near the base of the
snowpack, fallen on November 10. Photomicrographs of snow
crystals at various stages of evolution are shown in the
Supporting Information. In contrast to isothermal meta-
morphism, where crystal shapes remain recognizable after
weeks or even months (28), here the strong temperature
gradient generates large water vapor fluxes that accelerate
metamorphism. Changes in grain shapes are readily observ-
able after a few hours. Facets grow and initial crystal shapes
are not recognizable after a couple of days. Crystals then
become striated and after about two weeks fully transform
into faceted hollow crystals of depth hoar. They subsequently
kept growing under the continuous water vapor flux. In late
March, many depth hoar crystals exceeded 10 mm in their
longest dimension.

This temporal evolution is also seen in a vertical section
of the snowpack: recognizable precipitated crystals at the
top, turning to faceted crystals a few centimeters down, and
finally fully developed depth hoar crystals in the bottom part
of the pack. Figure 2 represents four stages in the evolution
of the snowpack during winter 2003/2004. In the stratigra-
phies presented, what distinguishes a layer from another is
an abrupt change in at least one aspect between the strata
above and below [as defined in ICSSG (29)]. There is no layer
limit when the grain transition is continuous and delicate to
locate precisely.

Following the first snowfalls of the season, rain, freezing
rain, and snow falls alternated for a week in late October/
early November. This formed a basal ice layer 1—2 cm thick
that was covered by a 1.5 cm thick snow layer, above which
a hard melt/freeze crust 1 cm thick formed. The basal ice
layer looked fairly airtight in early winter, preventing most
of the vapor flux from the ground from penetrating the
snowpack [see picture exemplifying a basal ice layer; class
8bi in ICSSG (29)]. The uppermost crust consisted of
submillimetric rounded refrozen crystals and was still
permeable. In January, however, metamorphism led to the
growth of depth hoar crystals within the crust itself. With
ongoing metamorphism, depth hoar crystals in the lower
part of the snowpack (between 2.5 and 11 cm in height)
developed to form noncohesive vertical “chains of grains”
(21, 30), while still increasing in size, up to 10 mm in February.
The upper part of the snowpack also kept metamorphosing,
with faceting of newly precipitated layers. Limits between

layers became less and less visible with metamorphism and
depth. As spring approached, daily thermal cycling increased,
enhancing transient temperature gradients in the top few
centimeters of the snowpack. This accelerated the meta-
morphism of new snow, relative to the early part of winter.

At the end of winter, a continuous 25-cm layer of depth
hoar was visible at the base of the snowpack (Figure 2d).
Crystal sizes increased from 3 to 4 mm at the top of this layer,
to up to 15 mm under the former melt/freeze crust, now
transformed into hard depth hoar. The thick basal ice had
also metamorphosed with depth hoar crystals growing on its
upper side. A mild wind event also formed a thin fragile wind
crust in late March (Figure 2d).

Specific Surface Area of Snow Layers. Density and SSA
profiles at the four stages described in Figure 2 are shown
in Figure 3. Fresh snow density ranged from 20 to 90 kg m 3.
Density initially increased fast, to 100 kg m~3 for 1-day-old
snow. It reached approximately 200 kg m~2 for depth hoar.
In November, due to frequent snowfalls, a wide range of
densities was observed in the snowpack. Density then tended
to homogenize in the lower layers because compaction was
compensated by upward water vapor fluxes, producing mass
loss. As observed earlier (18), the late season snowpack density
in Fairbanks was fairly constant with height, in contrast to
Arctic snowpacks, where wind-packed layers up to 520 kg
m~? in density alternate with much lighter depth hoar layers
(D).

As SSA decreases with snow aging (24, 28, 32, 33), it
decreased with depth inside the snowpack. Freshly fallen
snow SSA values ranged from about 800 cm? g~! for bullet
rosettes and columns to 1171 cm? g~ ! for very rimed dendritic
snow. A day after a snowfall, when crystals were still
recognizable, SSA had generally decreased to half its initial
value. SSA of well faceted crystals, regardless of their initial
shape, was approximately 200 & 50 cm? g~! and dropped to
90 + 20 cm? g ! for depth hoar. In early winter, the snowpack
SSA values showed a wide range (Figure 3a). Subsequently,
with depth hoar growing at the base and with rarer snowfalls,
SSA showed moderate values at the top, dropped in the first
few centimeters, and leveled off to a value lower than 100
cm? g~! (Figure 3d).

Snow Area Index. The SAI of the snowpack was deduced
by summing the SAI of all snow layers (1)

SAIsnowpack = Z SSAihipi @

with h being the height of layer i and p its density. Figure 4
shows the SAI evolution during winter. The accuracy is
estimated at 16%. As the snowpack built up, the SAl increased,
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height over the winter season. SAl values were 1088, 1208, 1019,
and 938 m?> m~2 on November 24, January 2, February 12, and March
25, respectively.

reaching 1460 m? m2 at the end of November. Because of
reduced precipitation in winter relative to fall and because
of the decrease in SSA of each snow layer, the SAI actually
dropped from its late fall maximum down to a value around
1000 at the end of winter.

Discussion

Vertical Distribution of the SAI. Surface snow layers are
more likely to interact with the atmosphere than deeper
layers. We therefore determined how the SAI was distributed
vertically, using eq 2

d(SAD)
T =SSA x p 2)

where z is the snowpack depth. Figure 5 shows the vertical
distribution of SAI at four stages of winter. With 12% accuracy
on SSA and 5% on density, the accuracy on d(SAI)/dz is 13%.
In November, frequent precipitations produced a high SAI
at the top of the snowpack. The rapid metamorphism driven
by strong early season temperature gradients (Figure 1)
caused fast SSA and SAI decreases with depth. On the
contrary, in February and March, infrequent precipitation
and the transformation of most of the snowpack to depth
hoar resulted in a fairly homogeneous vertical distribution
of SAIL Although Figure 4 shows that from January onward
the snowpack SAI is almost constant, Figure 5 suggests that
changes in its vertical distribution may in some cases affect
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depth.

the actual air—snow interaction potential. On timescales short
enough so that only the top 5 cm of the snowpack are involved
in air—snow exchanges, the accessible SAI decreased by a
factor of 2.5 between November 24 and March 25.

The SAI of the subarctic snowpack can be compared to
that of the Arctic snowpack at Alert (I) (Canadian Arctic,
82°30' N). After correction of their values for CH, adsorption
on stainless steel (24), we find that the Arctic snowpack SAI
at Alert was 1595 m? m~2 on February 8, 2000, and 2525 m?
m~2 on April 18, 2000, significantly greater than in the
subarctic. This is mainly because most of the Arctic snowpack
mass is formed by windpacked layers that have a higher SSA
and a greater density than the depth hoar layers (14)
predominant in the subarctic. The Arctic snowpack shows
alot of spatial variability. However, our observations around
Alert and in Northern Alaska suggest that as a general rule,
the presence of windpacks of large SAI guarantees that the
Arctic SAI is almost always larger than the subarctic SAI.
Confirming this statement, we measured a snowpack SAI
near Barrow (Alaskan Arctic coast, 71° N) of 3330 on April
2, 2004 (34).

Implications for Atmospheric Composition and Climate
Change. SVOCs in general and persistent organic pollutants
(POPs) in particular are a subject of concern in environmental
chemistry because of their environmental impact. As shown
in recent measurements and models, snow is an efficient
vector that transfers SVOCs from the atmosphere to northern
and temperate terrestrial ecosystems (3, 35, 36). Recent work
implicitly suggests that snow SSA and snowpack SAI are
crucial variables that determine the efficiency of this vector
(10, 15), because these SVOCs sorb to snow surfaces. With
the examples of 2,4,4'-trichlorobiphenyl (PCB 28) and of



TABLE 1. Calculated Distributions of 1 ng of PCB 28 and of PCB 180 in the System Formed hy the March 25, 2004, Subarctic
Snowpack of Figure 2 and a 400 m High Boundary Layer over a Surface Area of 1 m??

thickness mean temp

(m) (°C)
atmospheric 400 -16
boundary layer
surface layer 0.04 -17.3
top faceted layer 0.06 -13.1
bottom faceted 0.04 -10.2
layer
intermediate layer 0.1 -9.0
depth hoar 0.25 —-5.5

total snowpack

PCB 28 PCB 180

SAl concn % in concn % in

(m2 m~2) (pgm2) layer (pg m2) layer
- 713 71 61 6
105 (11%) 86 9 282 28
142 (15%) 64 6 208 21
84 (9%) 25 3 82 8
180 (19%) 45 5 148 15
427 (46%) 67 7 219 22
287 29 939 94

2 The percentage of SAl contributed by each layer to the total snowpack SAl is indicated. The partitioning of both PCBs between the boundary

layer and each snow layer is also given.

TABLE 2. Calculated Distributions of 1 ng of PCB 28 and of PCB 180 in the System Formed hy the April 18, 2000, Arctic
Sl;owpack at Alert (Domine et al., 2002) with a SAl of 2525 m?> m~2 and a 400 m High Boundary Layer over a Surface Area of 1
m a

thickness mean temp

(m) (°C)
atmospheric 400 —26
boundary layer
recent surface 0.04 -27
layers
hard windpack 0.06 -29
faceted crystals 0.04 —-28.5
hard windpack 0.1 —28
depth hoar 0.25 -27

total snowpack

PCB 28 PCB 180
SAl concn % in concn % in
(m2m—2) (pg m2) layer (pgm2) layer
- 61 6 2 0.2
120 (5%) 36 4 38 4
890 (35%) 369 37 393 39
295 (12%) 113 11 120 12
1000 (39.5%) 353 35 376 38
220 (8.5%) 66 7 71 7
939 94 998 99.8

2 The percentage of SAl contributed by each layer to the total snowpack SAl is indicated. The partitioning of both PCBs between the boundary

layer and each snow layer is also given.

2,2',3,4,4',5,5'-heptachlorobiphenyl (PCB 180), which are
frequently measured in snow and air (10, 15), we test the
potential of the subarctic snowpack to take up SVOCs from
the atmosphere. Using the data of Dominé et al. (1), we also
perform calculations for the Arctic, where SAlis much greater.
These two PCBs were selected as representative of a wide
range of volatility: PCB 28 is fairly volatile, while PCB 180
is among the least volatile POPs. Their calculated vapor
pressures over their liquid at 25 °C are respectively 0.027 and
0.00011 Pa (37).

The temperature dependence of the adsorption coefficient
of PCB 28, Ksa(T), was calculated using a van’t Hoff equation
and estimated values (4) of Ksx(—6.8 °C) and of the enthalpy
of adsorption, AH,,

AH, (1 1

log Ky () = log Ksy(=68 °0) + 5335l 7.~ T_s,aoc) )

where R is the ideal gas constant and 7 is the temperature
in degrees kelvin. We consider a column with a 1 m? surface
area, in which 1 ng of PCB 28 and 1 ng of PCB 180 partition
between the snowpack and a 400 m thick boundary layer.
Since we assume a linear relationship between PCB mixing
ratios and the amounts adsorbed on snow, partitioning results
do not depend on the amounts. Calculations are made for
the March 25 conditions (Figures 2d and 3d). The air
temperature is assumed to be constant throughout the
boundary layer, and PCB concentrations in the snowpack
are calculated discretely in the main layers, using temperature
data from the vertical string of sensors. Table 1 indicates that

the 25 March snowpack (SAI = 938) sequesters 28% of the
PCB 28 available in the system composed of the boundary
layer and the snowpack. This fraction increases to 94% for
the less volatile PCB 180.

Similar calculations (Table 2) for the April 18, 2000, Arctic
snowpack at Alert (82°30' N) mentioned above show that the
Arctic snowpack sequesters 94% of PCB 28 and almost all of
PCB 180 (99.8%). This greater storage capacity is because the
Arctic snowpack is colder and has a greater SAI due to the
presence of windpacks. The Arctic snowpack therefore
appears as more efficient in the uptake of SVOCs than the
subarctic snowpack.

However, the subarctic snowpack may exchange chemi-
cals with the atmosphere much more rapidly, for three
reasons. First, it is much more permeable, as depth hoar is
at least 10 times more permeable than windpacks (38).
Second, active convection in the subarctic snowpack en-
hances exchanges (39). Third, ice layers of low permeability
are less likely to lastlong in the subarctic snowpack, because
the vigorous metamorphism rapidly transforms them into
depth hoar of high permeability (39). Although such layers
were not observed at Alert (82° N), they are often present at
lower latitudes, such as Barrow (71° N).

During spring, the warming and melting of the snowpack
leads to the emission of a fraction of adsorbed compounds
to the atmosphere, the rest being transferred to ecosystems
by runoff (10). Because of its increased reservoir capacity
and its lower ability for exchange, we speculate that the Arctic
snowpack will be much more efficient in the transfer of
adsorbed species from the atmosphere to ecosystems. The
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pulse of POPs modeled by Daly and Wania (10) may then be
considerably attenuated in the subarctic. This illustrates the
importance of considering the details of snowpack physics
to quantify its chemical role.

Global warming will modify snowpack physical properties.
For example, shrubs will grow on the tundra (40, 41), shielding
the snow from wind action. Less compacted and more
permeable snow will then be more likely to evolve into depth
hoar. This will reduce the reservoir capacity of the snowpack
for adsorbed pollutants and enhance its ability to release
them to the atmosphere before snowmelt. As high latitudes
warm up, the ability of the tundra snowpack to transfer POPs
and SVOCs from the Arctic atmosphere to high latitude
ecosystems will then probably be reduced. From Tables 1
and 2, we suggest that this effect will be more pronounced
for the more volatile SVOCs, while heavy compounds such
as PCB 180 will be little affected, as they will still be taken
up efficiently by warmer snowpacks of low SAL: 70% of the
stored PCB 28 will be lost to the atmosphere if conditions
change from Arctic to subarctic ones, while that fraction will
only be 6% for PCB 180.
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