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Abstract

The specific surface area (SSA) of snow is of particular interest to researchers because SSA is strongly

related to snow albedo and is a comparatively better indicator of snow’s complexity than grain size. The

time variation of SSA for fresh snow samples was observed in the laboratory under isothermal conditions at
226K and 254K using the gas adsorption method and Brunauer-Emmett-Teller theory. The SSA of the
snow samples decreased with time under isothermal metamorphism. The decrease in SSA was fitted with

the logarithmic equation proposed by Legagneux et al. (2003), and adjustable parameters were obtained.

The rate of decrease in SSA depended on the shape of the initial snow type and temperature. Dendritic

snow samples exhibited large initial SSAs, and their SSAs decreased faster compared with those of

fragmented (collected from drifting snow) and plate-like precipitation particles with relatively small initial
SSAs.  The rate of decrease in SSA was lower at 226K than that at 254 K.
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1. Introduction

Snow albedo is determined by the scattering of light
in a snow medium, which is a function of grain size, shape
and the concentration of impurities (Warren, 1982). The
grain size of a snow particle is one of the important
physical parameters of snow that strongly affects the
near-infrared (NIR) albedo (Wiscombe and Warren, 1980).
Because snow particles have complex shapes and can
aggregate, it is difficult to define snow grain size. For
example, in a recent study, snow grain size 7, was
defined as one half of the branch width of dendrites or
one half of the width of the narrower part of broken
crystals, corresponding to the optically equivalent snow
grain radius (Aoki et al., 2000; 2003; 2007). The
minimum, mode and maximum values of 7, in each snow
layer were recorded using a handheld lens with a scale;
however, the values of 7, showed wide distribution and
varied among observers.

The specific surface area (SSA) of snow is related to
the radiative properties of snow and is a comparatively

better indicator of snow’s complexity than grain size
(Domine et al., 2006). SSA is defined as the ratio
between the surface area [m’] and unit mass [kg]. A
procedure to measure the SSA of snow using the gas
adsorption method and Brunauer-Emmett-Teller (BET)
theory (Brunauer et al., 1938) has been developed and
applied (Chaix et al., 1996; Dominé et al., 2001; Legagneux
et al., 2002). In these studies, methane was observed to
be a suitable adsorption gas for measuring the SSA of
snow, as methane has a much lower vapor pressure than
nitrogen, the usual adsorbent. Therefore, the relative
pressure drop during adsorption is much greater than
that for nitrogen, and this allows the measurement of
porous solids with low SSAs, such as snow. Nitrogen
has been used successfully for high SSA solids, such as
clays and catalysts, but is very difficult to use for snow.
Legagneux et al. (2002) measured SSA values of
snow from 10.0m’kg™! to 1580m’kg™". Cabanes et al.
(2003) measured the decrease in the SSA of snow layers
in the Arctic region and the French Alps and fitted the
decrease to an exponential equation as a function of
temperature. However, the decrease of natural snow’s
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Table 1. List of snow samples.

Sample Sampling date

Initial crystal types

Temperature [K]

No.1 Feb 09, 2013 Fragmented precipitation particles 254
No.2 Feb 23,2013 Dendritic crystals coated with rime 226
No.3 Mar 16, 2013 Dendritic crystals 254
No.4 Mar 20, 2013 Plate-like crystals 226
No.5 Jan 31, 2014 Dendritic crystals coated with rime 254
No.6 Jan 31, 2014 Dendritic crystals coated with rime 226

SSA was affected by meteorological factors; apparently,
the wind effect enhanced the decrease in SSA. The SSA
of snow monotonically decreases with time under
isothermal conditions and is expressed by an empirical
logarithmic equation (Legagneux et al., 2003; 2004).
Taillandier et al. (2007) revealed that the rate of decrease
in SSA under a temperature gradient was faster than
that under isothermal metamorphism. However, Domine
et al. (2009) reported some exceptions: depth hoar formed
from melt-freeze crust and wind effects on the sieving of
blowing snow particles eventually increased SSA.
Therefore, the wind has opposing roles: decreasing the
SSA by enhancing metamorphism and increasing the
SSA by supplying fine snow particles generated by
blowing and drifting snow. We need to accumulate data
on SSA changes to construct a numerical snowpack
model and predict the SSA values (Morin et al., 2013).

The rate of decrease in SSA has been measured at
high temperature ranges in previous studies: Taillandier
et al. (2007) summarized the rate of decrease in SSA from
254K to 269 K. However, it is important to be able to
predict the change of surface snow’s SSA in the polar
regions. The surface temperatures of inland Greenland
(Kobashi et al., 2011) and Antarctica (Motoyama et al.,
2005) are approximately 243K and 218K, respectively;
however, the rate of decrease in SSA below 253K has
not been reported so far.

The SSA of snow has been measured directly by not
only the gas adsorption method but also stereology
(Narita, 1969; 1971; Arakawa et al., 2009) and X-ray
microtomography (Flin et al., 2005; Kerbrat et al., 2008)
and indirectly by optical methods using NIR (Matzl and
Schneebeli, 2006) and short-wave infrared (SWIR; Gallet et
al., 2009) photometry of snow. The methods of stereo-
logy and X-ray microtomography inherently have low
resolution and underestimate the SSA for fine particles
such as fresh snow. The optical NIR and SWIR methods
have been recently developed and have the advantage of
short measurement times. Although the gas adsorption
method takes several hours to obtain a value and
requires liquid nitrogen, it is still useful for validation
because it directly measures the SSA.

In this study, we constructed a system for measuring
the SSA of snow using the gas adsorption method accord-

ing to Legagneux et al. (2002). We collected fresh snow
(precipitation particles) samples from Kitami (eastern
Hokkaido, Japan) and stored them in cold rooms (226 K
and 254 K) to determine the processes causing a decrease
in SSA under isothermal conditions. Furthermore, we
examined the effects of temperature and crystal shape on
the time variation of the SSA.

2. Experimental methods

2.1 Snow samples

Table 1 lists the six natural snow samples used in
this experiment. Precipitation particles were collected
from Kitami, Japan (43°49'26”N, 143°54'12"E and 86 m
above sea level) and stored for long periods (50-230 days)
in cold rooms, where the temperatures were controlled
at 226 K and 254 K. The temperatures of samples were
controlled with an accuracy of £0.1 K. Sample No. 1 was
fragmented particles collected from drifting snow on
February 09, 2013 with a relatively smaller crystal size
than the other samples. Samples No. 2 and No. 3 were
dendritic crystals and rimes adhered to the former.
Sample No. 4 was plate-like precipitation particles.
Samples No. 5 and No. 6 were rimed dendritic crystals
collected on the same day (January 31, 2014). Each of
these samples was stored in a plastic bag within a
thermally insulated box. The photographs of the snow
particles were taken when the measurement of SSA was
conducted.

2.2 Apparatus and methods

The schematic view of the instrument for measuring
the snow SSA is shown in Fig. 1. The method and
principles of the gas adsorption method have been
described in detail by Legagneux et al. (2002). The main
device is composed of helium and methane tanks (50 mL
each), two pressure cells for the sample (30 mL) and
reservoir (50mL), a manometer (Baratron® 722B, MKS
Instruments) and greaseless valves connected with tubes
made of stainless steel and Swagelok® fittings. The
accuracy of the manometer was 0.5%. The basic per-
formance of the device has been reported by Hachikubo
et al. (2012; 2013) with measurement repeatability of 3%
(standard deviation).
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Approximately 10g of a snow sample was placed
into a sample cell and immersed in liquid nitrogen to
maintain the temperature at 77 K. The sample cell was
connected to the main device and placed under vacuum.
Methane introduced into the reservoir cell via valves V,,
V, V, and V5 was diffused into the sample cell through
valve V; and was partly adsorbed on the surface of snow
particles. The adsorbed amount was calculated by
comparison with the result using helium because helium
is not adsorbed on snow particles’” surfaces. We obtained
a dataset of the relation between the amount of methane
adsorption and the pressure of methane. We applied the
BET theory to obtain the surface area of the sample and
the heat of the adsorption of methane on the ice surface.

gas supply
3E |

needle

vacuum
pump V6 valve V5 71K f] 298K
-,
V7
P
manometer sample cell reservoir cell
30mL 50mL

Fig. 1. Schematic view of the apparatus for measuring SSA
of snow. P: pressure gauge, V,;: ball valves and a needle
valve. The pressures of helium and methane reduce
step-by-step through the valves Vs,

3.0

We adopted 0.1918 nm* as the molecular cross-sectional
surface area of methane on ice (Chaix et al., 1996) and
1,294 Pa as the vapor pressure of methane at 77K
(Legagneux et al., 2002). We measured the surface area
of the sample cell (2.34X107*m? by the same methane
adsorption and subtracted it from the measured data,
because Legagneux et al. (2004) and Domine et al. (2007)
reported that the adsorption of methane on the inner wall
of the sample cell was not negligible.

3. Results and discussion

Fig. 2 shows examples of the BET plots. The BET
transform is expressed as a function of P/Py;

V(Pf—P) - Vic+(%};cl)(%)' v

where P and P, are the pressure of methane at each
isotherm and its vapor pressure at 77K, respectively, V'
is the volume of total adsorption, V,, is the monolayer
adsorption capacity, and C is the constant related to the
heat of adsorption. According to Eq. (1), the slope and
intercept of the BET plots in Fig. 2 provide V,, and C.
Linear relations were obtained in the P/P, range of 0.07-
0.20, and the corresponding correlation coefficients
exceeded 0.999. The SSA values of samples No. 1-6
were determined to be 53.1, 74.3, 87.9, 54.9, 79.7 and 73.1
[m*kg '], respectively. The heats of adsorption were
calculated as 2,552; 2,521; 2,667; 2,557; 2,722 and 2,576
[J mol™'], respectively; these values were within the
range of 2,540+200 [J mol '] as reported by Domine et
al. (2007).

The processes of isothermal metamorphism are
shown in Fig. 3. Isothermal sintering progressed and
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Fig. 2. BET plots of the isotherm of samples No. 1-6 at their first measurement. These data were obtained
within a day after the snowfall. The linear relations appear in the P/P, range of 0.07-0.20 (shaded area).
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Fig. 3. Photographs of snow particles and their time variation. The size of each photograph is a 4 mm square. Initial snow
types of sample No. 1, fragmented precipitation particles; sample No. 2, dendritic crystals coated with rime; sample No. 3,
dendritic crystals; sample No. 4, plate-like crystals; samples No. 5 and No. 6, dendritic crystals coated with rime.

reduced the SSA of snow for all samples. Fragmented
snow particles (sample No. 1, 254 K) changed quickly to
small, rounded crystals. In contrast, plate-like crystals
(sample No. 4, 226 K) retained their shape for more than
2,000 h at low temperature. The complicated branches
of the dendrites were well preserved in samples No. 2
and No. 3; the former, which was rimed, was better
preserved at 226 K. Samples No. 5 and No. 6 were
originally the same precipitations, but the latter was well
preserved at low temperature.

Fig. 4 shows the time variation of SSA; SSA decreased
with time in all samples. Although samples No. 1, No. 3
and No. 5 had the same temperature (254 K), the rate of
decrease in SSA was different for each: the SSA of
sample No. 3 (dendritic crystals) decreased faster than
that of samples No. 1 and No. 5. Samples No. 2 and No.
6 (dendritic crystals coated with rime) and No. 4 (plate-

like crystals) had a lower temperature (226 K), and the
rate of SSA decrease in sample No. 4 was smaller than
those of samples No. 1, No. 3 and No. 5. The rate of SSA
decrease in samples No. 2 and No. 6 was close to that in
sample No. 1, despite samples No. 2 and No. 6 being
preserved at a lower temperature. These results can be
explained by the fact that the SSA of the dendritic
crystals decreased relatively faster than that of the other
samples of different shapes. Therefore, it is evident that
the rate of SSA decrease depends on not only the tem-
perature but also the initial shape of the precipitation
particles. The SSAs of fragmented particles generated
under windy conditions and plate-like crystals that
typically formed under low humidity decreased slowly,
whereas those of dendritic crystals decreased quickly.
Although rimed particles contributed to a large SSA
(Cabanes et al., 2002), the effect of rime on the change of
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Fig. 4. Time variation of SSA of the six precipitation particles (samples No. 1-6). The solid lines
express their fitted curves according to Legagneux et al. (2003).

SSA of samples No. 2, No. 5 and No. 6 needs further
consideration.

Legagneux et al. (2003) proposed an empirical
equation for the time variation of snow SSA:

SSA=—Alog (t+41)+B, 2)

where A, B and At (change in time) are the fitting
parameters. These parameters for samples No. 1-6 are
summarized in Table 2. The fitting parameters A and B
relate to the rate of decrease in SSA and the initial SSA,
respectively. Furthermore, Legagneux et al. (2003)
suggested an empirical linear relationship between A and
B for a given temperature, as shown in Fig. 5. The
fitted lines at 254K and 226K are plotted as red and
green bold lines, respectively. As snow metamorphism
is faster at higher temperatures, the line was upshifted
from 226K to 254 K. The rate of decrease, under the
same initial SSA, was greater at higher temperatures.
The black solid line in Fig. 5 shows data obtained under
isothermal conditions from a previous study (mixed data
at 258 K, 263K and 269 K; Taillandier et al., 2007), which
nearly overlapped the fitted line for our data at 254 K;
however, the value of parameter A was slightly higher
because of the higher temperatures employed in the
aforementioned study. Therefore, the relationship
between A and B in our data agree well with that from
the previous study. The broken line in Fig. 5 shows the
relationship between A and B under a temperature
gradient (Taillandier et al., 2007); it was upshifted from
the solid line obtained under isothermal conditions
because the decrease in SSA was faster under the
temperature gradient than isothermal conditions.

Table 2. Fitting parameters of the Eq. (2).

s I A B At
ample B B
M’ kgl [m*kg™l  [hour]

No.1 6 72 18
No.2 15 190 1788
No.3 11 111 2
No.4 4 66 4
No.5 7 84 1
No.6 7 104 79

Questions regarding the determination of the other
fitting parameter At remain. Legagneux et al. (2003)
proposed the idea that the value of B was close to the
initial SSA, and the value of A could be derived from the
relationship between A and B, as shown in Fig. 5;
however, At could not be determined. Taillandier et al.
(2007) noted that the effect of At on the fitting was small,
as they showed that most data for At were within 1 day.
On the contrary, At of samples No. 2 and No. 6 seemed to
be large (up to several tens of days, Table 2). The SSA
of sample No. 2 was almost constant during the first 14-
400 h (Fig. 4) and then decreased. Legagneux et al.
(2004) showed that Eq. (2) is an approximation of the
Ostwald ripening theory, which expresses the coarsening
of grains. In the early stages of snow metamorphism,
the rate of decrease in SSA was relatively small (Fig. 4
Legagneux et al., 2004) compared with Eq. (2). Possibly,
low temperature and crystal shape affected the rate of
decrease in SSA, and At increased to fit Eq. (2). On the
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Fig. 5. Relation between the fitting parameters A and B of Eq. (2). Red and green bold lines show
the relations at 254 K and 226 K, respectively. Broken and solid lines show the relations of the
temperature gradient and isothermal data, respectively (Taillandier et al., 2007).

other hand, Legagneux and Domine (2005) showed that
the rate of decrease in SSA under isothermal conditions
depends on the distribution of the radii of curvature
(DRC). Because the SSA of snow with a narrow DRC
decreases more slowly (Legagneux and Domine, 2005),
sample No. 2 probably had a narrow DRC. Future work
needs to investigate the application range of Eq. (2) in
which At is negligible.

4. Concluding remarks

We measured the time variation of the SSA of snow
under isothermal conditions. Even when samples were
stored at the same temperature, the rate of decrease in
SSA depended on the type of precipitation particles,
which determined their initial SSA. We obtained the
fitting parameters of Eq. (2) according to Legagneux et al.
(2003) and observed that our data agreed well with their
results. At the lower temperature (226 K), the parameter
A, corresponding to the rate of decrease in SSA, was
smaller than that obtained at 254K. We clearly
demonstrated the effect of temperature on the decreasing
rate of SSA. Although the temperature of 226 K is much
lower than that of seasonal snow around the world, it is
relevant to the snow on the ice sheets in the polar
regions. Therefore, the results of this study indicated
that Eq. (2) can be applied to estimate the change of
surface snow’s SSA on the Greenland and Antarctic ice
sheets. Although Eq. (2) is valid in the time range of less
than 1 day to about 150 days (Taillandier et al., 2007), the
limit of application under low temperatures (less than
254 K) is still unknown. To express the time variation of
SSA as a function of time and temperature, further data

need to be collected. The data describing the SSA
decrease under a temperature gradient are also insuf-
ficient. Furthermore, prediction of the initial SSA will be
an important research target for constructing an im-
proved numerical snowpack model.
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