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Abstract. Chemical and physical processes, such as hetmaterials (German, 1996). In the context of integral geome-
erogeneous chemical reactions, light scattering, and metay, specific surface area is identical to the second Minkowski
morphism occur in the natural snowpack. To model thesefunctional (Ohser and bicklich, 2000). Recently, SSA was
processes in the snowpack, the specific surface area (SSAdund to be a monotonously decreasing parameter apart from
is a key parameter. In this study, two methods, computed/olume fraction (Flin et al., 2004; Schneebeli and Sokra-
tomography and methane adsorption, which have intrinsitov, 2004; Legagneux and Don&n2005; Taillandier et al.,
cally different effective resolutions — molecular and.a0, 2007) in the course of snow metamorphism. This is in con-
respectively—were used to determine the SSA of similar nattrast to the traditionally used grain size, which has a non-
ural snow samples. Except for very fresh snow, the twomonotonous behaviour in the transition from fresh snow to
methods give identical results, with an uncertainty of 3%.rounded grain snow to depth hoar (Colbeck et al., 1990).
This implies that the surface of aged natural snow is smoothGrenfell and Warren (1999) show that the ratio of volume to
up to a scale of about 30m and that if smaller structures surface area (i.e. the inverse of SSA) is the best estimator for
are present they do not contribute significantly to the overallgrain size in modelling optics. The same result but with a dif-
SSA. It furthermore implies that for optical methods a voxel ferent optical theory is obtained by Kokhanovsky and Zege
size of 10um is sufficient to capture all structural features (2004). The air permeability of snow can be described using
of this type of snow; however, fresh precipitation appears tothe Carman-Kozeny relation, which uses SSA in developing
contain small features that cause an under-estimation of SShe hydraulic diameter (Dullien, 1992). Flanner and Zender
with tomography at this resolution. The methane adsorption(2006) use SSA to parameterize snow albedo in the context
method is therefore superior to computed tomography forof global climate models. The interactions between the lower
very fresh snow having high SSA. Nonetheless, in addition toatmosphere and the snowpack is subject to extensive research
SSA determination, tomography provides full geometric in- and it is clear that the chemical reactions which take place in
formation about the ice matrix. It can also be advantageouslythe snowpack depend heavily on the available surface i.e. on
used to investigate layered snow packs, as it allows measuthe SSA (Grannas et al., 2007). SSA is therefore one of the
ing SSA in layers of less than 1 mm. key parameters in snow physics and chemistry and a precise
and unambiguous measurement is necessary.

The SSA of snow has been measured using various tech-
niques, such as determining the adsorption isotherm of ni-
trogen (Adamson and Dormant, 1966; Adamson et al., 1967;
Jellmek and Ibrahim, 1967; Hoff et al., 1998), or of methane
gﬂlqwd nitrogen temperature (Chaix et al., 1996; Legagneux

al., 2002; Domig et al., 2007b), via the grain size dis-
Correspondence to: M. Schneebeli trlbut|0n (Granberg, 1985), with stereological measurements
(schneebeli@slf.ch) (Narita, 1971; Sommerfeld and Rocchio, 1993; Matzl and

1 Introduction

Snow, after sedimentation of the snow flakes on the surface
has a very high initial porosity and sinters rapidly. Specific
surface area (SSA) is commonly used to describe sintere
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1262 M. Kerbrat et al.: SSA measurement with X-ray tomography and gas adsorption

Fig. 1. Typical grain forms and corresponding 3-D-structures of the different snow types (from top to bottom): decomposing snow, meta-
morphosed |, metamorphosed Il, depth hoar, and wet snow. The scale bar in the left column is always 1 mm. In the middle column, note the
different scales of the 3-D volumes shown for fine grainedXx2.7x0.45 mrr?) and coarse grained (5«%.4x0.9 mn?) snow types. The

right column shows a detail of the 3-D structure, i.e. the shaded lower left corner.

Schneebeli, 2007, geometrical analysis of images of single have an aspect ratio of 50:1, with a typical diameter as small
snowflakes (Fasshacht et al., 1999), optical and electron mias 15um and a length of 750m. Based on this shape, we
croscopy (Domig et al., 2001), and micro tomography (Flin estimate a geometric SSA of around 350Ggmn!. How-
et al., 2004; Schneebeli and Sokratov, 2004). ever, some of the diamond dust was reported to be hollow,
Previously published data show considerable scatter, rerising the SSA further to values around 600F@n’. Snow
ported values range from 6 up to 77 700f@n?. Thisisnot  in a natural snow cover must clearly have lower SSA, and
surprising, because the SSA strongly depends on snow highis fact questions some of the early measurements which re-
tory and snow type. In previous studies, snow history was nosulted in far too high values. Legagneux et al. (2002) explain
specified accurately; it is therefore almost impossible to com-that very high SSA values obtained in pioneer measurements
pare the data obtained with the different techniques. On theising adsorption methods are due to the formation of amor-
other hand, an upper limit of SSA in natural snow covers mayphous ice during an inadequate cooling procedure. During
be estimated by considering the finest ice structures reachinthe last ten years, the reported snow SSA seemed to converge
the ground, so called diamond dugrénfell and Warren, to values between 20 dg~'and 1600 craig—!, depending
1999). These atmospheric long hexagonal ice crystals caon the snow type (e.g. Dorénet al., 2007b; Chaix et al.,
I . . 1996; Legagneux et al., 2002; Flin et al., 2004; Schneebeli
Matzl, M. and Schneebeli, M.: Stereological measurement of 5, Sokratov, 2004). High SSAs are obtained on fresh snow
the specific surface area of snow, J. Microscopy, submitted, prepring b ereas low SSAs are generally measured on aged refrozen

at  http://www.slf.ch/schnee-lawinen/Schneephysik/Downloads/
Stereologicameasuremersspecificsurf area.pdf, 2007. snows. Note that values greater than 1008 grtare scarce.
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These measurements show that (i) SSA of snow varies oveplain some of them as artefacts due to the resublimation of
two orders of magnitude and (ii) a conclusive statement conhumid air during the transfer of the samples, which had been
cerning the precision and value of the different methods isstored at liquid nitrogen temperature, into the SEM sample
not possible without using identical snow samples. chamber. Nonetheless, even if those observations were arte-

Here, we compared — using identical snow samples —facts, they show that microstructures can easily form at low
two of the previously cited methods, namely adsorption oftemperature. The existence of micro-and nanostructures may
methane and X-ray Computed Micro-TomograpmC{). affect physical processes, such as the growth of ice crystals
Methane adsorption measurements followed by BET anal{Libbrecht, 2005, and citations therein). Also, as microstruc-
ysis (Brunauer et al., 1938) have been intensively performedures would change the total surface area available for trace
to assess this parameter and a large SSA dataset of naturgds adsorption and chemical reactions on the ice surface,
snow was obtained using this technique (e.g. D@shal.,  microstructures may also affect the chemical properties of
2007b; Legagneux et al., 2002)CT has also been success- snow.
fully employed in the last decade to investigate geometrical In this paper, we show that both methods coincide within
properties of the ice structure and the pore space in snov8% for SSA ranging from 50 to 700 g ~1. Therefore the
(Coléou et al., 2001; Flin et al., 2004; Schneebeli and Sokraphysical concepts, on which the adsorption of methane and
tov, 2004). These techniques have also drastically differenj,CT are based, allow assessing the SSA of natural snow. It
spatial resolutions. Methane adsorption measurement allowslso shows that the low spatial resolution of the tomograph
the calculation of accessible surface area from the numbetompared to an adsorption measurement is enough to mea-
of adsorbed molecules and thus has a molecular resolutiorsure accurately SSA of aged natural snow having an SSA
whereas the usedCT reconstructs the spatial distribution of lower than 700 crhg—1. Moreover, it indicates that the ice
ice and air with a voxel size of 10m, which means that, surface of snow in the settled snow pack is smooth up to a
after filtering, structures of about 30n can be clearly re- scale of 3Qum under alpine conditions.
solved. By using two methods having such a different spatial
resolution, we also want to address the question of the sur-
face roughness of the ice surface of a snow crystal and the Measurement procedure
presence of microstructures on its surface. If microstructures
exist, the large ratio between the resolutions of the two meth2.1 Sampling
ods will lead to a disagreement of the measured SSA.

The presence and the size of surface microstructure in highVe used five different natural snow types, covering the
vapour pressure condensed matter, such as ice, is determingghges 2-5 defined in the International Classification for Sea-
by thermodynamic and kinetic processes. Minimization of sonal Snow on the Ground (ICSSG) (Colbeck et al., 1990).
the Free Energy reduces the overall surface area of the porouhese are expected to cover a broad range of SSA. Three
medium by sintering. On the contrary, continuous sublima-types of snow, called “decomposing snowds), “metamor-
tion and resublimation of water molecules on the ice surfacephosed 1” (l), and “metamorphosed II"nfll), were pre-
may induce roughening of the surface and hence the formapared by sieving (in order to avoid creation of inhomo-
tion of new nanosized structures on the ice surface. The maggeneities) fresh snow after precipitation into boxes. The
nitude of such effects depends on the complex interplay othoxes were stored at different temperatures, allowing for
sublimation and resublimation rates, surface and bulk diffu-isothermal metamorphism at different rates. Details of stor-
sion (Xiao and Ming, 1994). Additional complications oc- age are found in Table 2. Two more snow types were col-
cur, because at temperatures above ab@@C, as typical  lected in the field just before the measurements, denoted
for natural snow, the ice surface is covered by a disordereddepth hoar” ¢h), and large grained “wet snowi). The
surface region, which is often called premelt or quasi-liquid dh snow was collected in blocks, while twswas also sieved
layer (see Dash et al., 2006, and citations therein). Becausito boxes (10 mm grid) and soaked with ice water to further
this layer is highly mobile, one might speculate that its thick- reduce the SSA. These snow typss ml, mil, dh, and ws,
ness defines the scale of the smallest structures on the iggorrespond to the ICSSG classes 2a, 3a/2a, 3a,8ba 6a,
surface. At —8C, the thickness is of the order of 1 to 10 nm respectively (see Table 2). The characteristic grain shapes,
(Henson et al., 2005; Dash et al., 1995; Lied et al., 1994)along with the real 3-D structures, of all five snow types are
hence the smallest structures on the ice surface should bghown in Fig. 1.
larger than this size. Natural snow covers exhibit density fluctuations and lay-

Surface microstructures have been reported on naturadring on a length scale of various centimeters (Matzl and
snow byRango et al. (1996) and Wergin et al. (2002) who Schneebeli, 2006). Since homogeneity of the snow used for
presented scanning electron microscopy (SEM) images ofampling is crucial for comparison of the two methods, we
rimed precipitation particles and irregular snow crystals, confirmed homogeneity for each block of snow by means of
respectively. Similar microstructures have been seen bya high resolution penetrometer (Schneebeli et al., 1999). In
Dominré et al. (2003) with the same technique, but they ex-the region of maximum homogeneity, 7 to 8 cores, each of
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ing first a primary pump and subsequently a turbo molecular

2 o bl Transform pump. After around 30 minutes, high vacuurilQ2 Pa) is

% 300 1 Adsorption Isotherm (N,y.) r300 established in the system. The vapour pressure of ice at lig-

£ A Desorption points o uid nitrogen temperature is lower than £20-2Pa (low-

gw Ak g est value calculated in Murphy and Koop, 2005, at 111 K).

= 200 200 8 Hence, sublimation of ice due to pumping is insignificant.

E g iii) The empty volume or dead volumé/y) i.e. the vol-

:c “9 ume not occupied by the snow sample is measured, at least

S 100 L 100 2 three times, by expanding Helium into the snow filled sam-

:_ 2‘ ple holder. Although the u-shaped gas inlet is immersed

= into liquid nitrogen, the flow of helium was kept at a slow

2, | | Snow type :ml| rate of 6x106—3x 101" Molecules s to avoid possible an-

S o0 o1 02 03 0.4 nealing of the snow sample due to the introduction of warm
P/P, gas. iv) The isotherm of adsorption was measured. Sixteen

data points were recorded by stepwise increasing the reduced
Fig. 2. The BET transform (in black on the left axis), is derived Pressure(P,/Po) of methane over snow, wherg, is the
from the isotherm of adsorption (in grey on the right axis) (Brunauer pressure of methane in the system after the nth expansion
etal., 1938). The slope and the intercept of the linear part are useand Py is the vapour pressure of methane at liquid nitrogen
to calculate the SSA (Legagneux et al., 2002). temperature. v) Three desorption points were recorded to

check the reversibility of the adsorption.

_ ) Each isotherm obtained was processed by applying the

57.3cnt volume, were extracted by inserting sharp edgedgET model Brunauer et al., 1938; Legagneux et al., 2002;
Polyethyleneimine (PEI) sample holders into the snow andgregq and Sing, 1982). This model describes the adsorption
carefully removing the remaining snow at the outside of thest gases in multimolecular layers. Assuming that an infinite

sample holders. After weighing each cylinder, five cylinders nmper of layers is formed during the adsorption process, the

were mounted in a specially designed stainless steel samplg,oge| leads to
holder for the BET measurements, while the remaining sam-
ples were directly scanned in theCT. Pu/Po 1 C-1p,

=t @
Nags, (1 — P,/ Po) Numc NyC Py

2.2 Adsorption of methane .
where Nags, is the number of molecules adsorbed per gram

2.2.1 Analytical method of snow after the nth methane injectioR, is the pressure

in the systempPy is the vapour pressure of methane at liquid
In this study, we used the apparatus already used by Bartelgiitrogen temperaturey,, is the monolayer capacity (i.e. the
Rausch et al. (2002, 2004). The adsorption method to detotal number of molecules that can be adsorbed on a single
termine the SSA of snow using methane has been describdayer) andC is the so called BET constant.
by Legagneux et al. (2002). In short, a small amount of
gaseous methane is filled into a defined volume called in2.2.3 Error calculation

troduction volume ¥;). Methane is then expanded into the o ) )
evacuated sample holder kept at liquid nitrogen temperature! N€ reproducibility of the adsorption method using methane

which contains the snow. The pressure drop, due to expar@ liquid nitrogen temperature was carefully checked by
sion of the gas into the sample holder and the methane ad-€92gneux et al. (2002) who measured an overall accuracy
sorption on the snow surface allows calculating the numbeff 12%. We used the same method and an apparatus prac-
of molecules which have adsorbed on the snow surface. Thifcally identical to the one used by Legagneux et al. (2002).
number is calculated using the ideal gas equation. It is asthe overall accuracy of our measurements is therefore also
sessed from the difference in the gas phase molar budget if @bout 12%. Nonetheless, in extension to the work done
methane before and after the expansion. An isotherm of adPY Legagneux et al. (2002), we checked the “a-priori er-

sorption is obtained by increasing the pressure of methan&0!” Of the method i.e. we evaluated the error on the mea-
over snow step by step. sured SSA values resulting (i) from errors of the experimen-

tal devices used for the analysis and (ii) from errors on the
2.2.2 Measurement protocol physico-chemical data used for the evaluation of the adsorp-
tion isotherms. The details of the calculation are given in
All measurements were made according to a strict protocobppendix A. As seen in Egs. (A2) and (A4), the SSA is ob-
as follows. i) The snow sample is thermalized to liquid nitro- tained from the slopeS() and the intercepti( of the BET
gen temperature for at least 1 hour. ii) The air is very slowly transform (Eqg. 1), and from the size of the methane molecule
evacuated from the porous snow sampt® (L min—1) us- on ice at liquid nitrogen temperaturec{g). The error on

Atmos. Chem. Phys., 8, 1261-1275, 2008 www.atmos-chem-phys.net/8/1261/2008/
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Table 1. Parameters used for the analysis of the adsorption measurements together with their inherent errors.

Symbol  Quantity Unit Origin of the error  Error Value
A Avogadro Number motl [ [

acH, Molecular area of Cljadsorbed on ice fn ED 5%

1 Intercept of the BET transform g molecal® Fit of the experimental data
Mice Masse of the snow sample g IR 0.3g

Py Vapour Pressure of Ctat 7, Pa PCD & ED 2Pa

P, Pressure irV; after then-th injection Pa IR 0,1Pa

P, Pressure irV; before the:-th injection Pa IR 0,1Pa

R Gas constant JKImolml [q []

S Slope of the BET transform g molecalé Fit of the experimental data
T, Liquid Nitrogen temperature K PCD & ED 0,2K

Ty, Temperature o¥/; after then-th injection K IR 0,1K

T;:n Temperature o¥/; before then-th injection K IR 0,1K

Vi Dead Volume m3 Determined for each measurement
Ven Part of the expansion volume at the temperafiyre m?3 ED 9x10~7

Vi Introduction volume ED 7x10~7

ED: Experimental Determination, IR: Instrumental Resolution, PCD: Pysico-Chemical Data.

the determination of the SSA is therefore connected to those 16 5000 100
values. Figure 3 shows the evolution of the relative error on i . ﬁiesr’zé;s(’*” _
SSA (ASSA/SSA) as a function of the SSA. It can be seen __ 8 o Slope(S) 4000 7, | 30
that ASSA/SSA slightly increases with the SSA. This ob- =& 273 E 3
servation is correlated with the fact thatand S decrease 21049 L 3000 ig) R
as the SSA increases. Indeed, the relative errof @md 2 s 1 a & . 1 g
S, Alll and AS/S, respectively—which were obtained from ) ~ B L2000 2 E
uncertainties while fitting the BET transform-increas/as < 6 ‘“Cp X =
and S decrease. This results in an increaseAGSA/SSA S 44,4 % - | Lo0o g 3
with the SSA. On a first glance, this result may look some- , 14 ey, o e wro £
how surprising as, in general, for any measurement method, @ g

increased accuracy is expected with a rise of the measured ¢ . e e o s : B
quantity. Indeed, when measuring the BET isotherm, with SSA,,, [en? ']

a higher number of adsorbed molecules, the pressure dif-
ference can be more accurately measured and the error - ) .
each data point of the isotherm will be smaller — after theolplg.&The a-priori error” on the measured SSAs for the adsorption

b f iniecti f high SSA | method strongly depends on uncertainties on the slSpar(d the
same number of injections — for a hig sample Com'intercept () of the BET transform (Eq. 1). Those uncertainties,

pared to a low SSA sample. However, as explained beforeyenerated while fitting the BET transform, increase as their values

the BET model (through the couple of variableandS) is  decrease, which results in an anti-correlation betw&&SA/SSA
more deeply involved in the SSA calculation and thereforeandrs ands.

in the error calculation. The steepness of the BET transform

seems to be a more important issue when considering the “a- ) . S
priori errors” on SSA. the symbols given in Table 1 and the equation, it is recalled

in Appendix A (Eg. Al).

The error on each data point of the isotherms was obtained As seen in Fig. 2 , due to the repetitive injections of
from estimating the error propagation following the same methane “a-priori errors” on the data points of the BET trans-
method as the one used for calculatingSA. The inherent  form are increasing with rising methane pressure. In order to
errors of the parameters involved when calculating the numiake this increase into account when fitting the BET trans-
ber of adsorbed molecules, and therefore the BET transfornfiorm of the isotherm, each data point was assigned a weight
(Eqg. 1), are given in Table 1. The equation allowing calculat-equal to the inverse of its own error.
ing the number of adsorbed molecule —in unit of molecules The calculated “a-priori errors” (below 10%) are con-
g~ 1-from the pressure difference is similar to the one givensistent with the one measured by Legagneux et al. (2002)
by Legagneux et al. (2002). To allow an easy connection with(12%).

www.atmos-chem-phys.net/8/1261/2008/ Atmos. Chem. Phys., 8, 1261-1275, 2008
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Fig. 4. Histograms of the filtered 3-D greyscale tomography images. Shown are all tomograms for decomposing snow and depth hoar. The
fraction of “mixed voxels” is much higher for decomposing snais) than for depth hoardh). The bars are located at plus and minus one
standard deviation of the mean optimum threshold of the individual measurements. The inserts show the underlying individual gaussian
distributions for one example histogram per snow type.

2.2.4 Liquid Nitrogen Temperature 144 mn¥ and 840 mra for a voxel size of respectively 10 and
18um, which can be considered representative for the whole
The measurements were done in Davos, Switzerland, whergample. This has been shown by Kaempfer et al. (2005) and
due to the altitude, the atmospheric pressure in the laboratorgoleou et al. (2001), who found that the elementary volumes,
was 828 {-4) hPa during the experiments. The boiling point j.e, the minimal volumes which correctly represent the bulk
temperature of liquid nitrogen at this pressure was derivedsnow properties, are between 132d 2.5 mm?, depend-

to be 75.7 £0.2) K (Moussa et al., 1966). The vapour pres- ing on the snow coarseness. The volumes we have used for
sure of methane at 75.7 K was calculated to be 1839 Pa  the analysis are at least ten times larger.

(Lide, 2006).

2.3 Tomography To segment the images we considered the grey scale his-

tograms of the tomograms. Figure 4 shows the histograms of
We used a modified ScangoCT 80 desktop X-ray com- all measurements of two snow types, decomposing snow and
puter tomograph, with a microfocus X-ray source emitting depth hoar. One would expect two peaks, representing the
a white spectrum (45kV acceleration voltage), to scan thewo materials ice and air; while this is true for depth hoar,
snow samples. A 180rotation of the sample was divided the histogram for decomposing snow is dominated by the air
into 1000 steps. At each angular step, a 20248 CCD de-  peak. In this case, the fine structure of tteesample leads
tector captured the absorption signal during an integratiorto many mixed voxels, i.e. voxels with a grey scale value be-
time of 250 ms, and averaged over two such intervals in ortween that of ice and air, and it is difficult to find a threshold
der to reduce the noise. The apparatus resides in a cold rooralue for segmentation. The optimum threshold was deter-
at—15C. With this configuration, a complete scan with 408 mined by fitting a sum of two Gaussian curves to the grey
slices took approximately 3h. Along with each adsorption scale histograms and calculating the intersection of the indi-
measurement, two or three tomograms were taken, with aidual Gaussians (Sonka et al., 1999). This procedure min-
voxel size of 1Qum for the fine graineds, ml, andmll snow  imizes the number of spurious voxels introduced in the seg-
types. This corresponds to the maximum resolution of thementation process. The optimum threshold was determined
uCT. For the much coarser dh amd types a resolution of for each tomogram, and the mean for each class was finally
18um was chosen, since then a larger volume can be proapplied to segment the images. In Fig. 4, bars indicate the
cessed. After scanning, a subvolume was extracted from theariations around the mean optimum threshold for all mea-
reconstructed image. After filtering with ax3x3 median  surements of a particular class. This uncertainty in threshold
filter and a 3«3x3 3-D Gaussian kernel filter with a stan- finally leads to an uncertainty in the SSA, where the sensitiv-
dard deviation of 1.2 voxels a volume of 60600x 400 vox- ity of SSA on threshold variations depends on the snow type
els remains. Hence, the investigated volumes correspond tand has to be determined experimentally.

Atmos. Chem. Phys., 8, 1261-1275, 2008 www.atmos-chem-phys.net/8/1261/2008/
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Table 2. Sample characteristics and preparation methods for the different snow types together with theagsyiisais the snow density
calculated after weighing a known volume, whergas is the density calculated from the segment&iT images. Note that the relatively

large density error includes both the measurement error and the natural sample variation. The number of adsorption and tomography
measurements for each snow type corresponds to Nr. BET andINrrespectively. The given S§&Tt and SSACT represents the mean

values —measured by each method- for each snow type and the errors are “interblock errors " (see Sect. 3)rphar88#e mean values

of all measurements made on each snow with both methods. The given errors are the corresponding standard deyiations (1

snow type ICSSG snow Pweighed oCT Nr. Nr. SSABET SSA,cTt  SSAmype
history gcn3 gcm 3 BET uCT cnmfgl cmPgl cmlgl
ds 2a 8days @ -50C 0.11 ¢-0.01) 0.1140.02) 4 11  616£29) 665(73) 642(51)
ml 3a(2a) 1l4days @-PC 0.15@0.01) 0.13¢0.01) 5 13 346(11) 420@:27) 381(42)
mil 3a 17 days @ -3C  0.19 ¢-0.05) 0.194¢0.03) 5 12 27031) 291¢-27) 282¢30)
dh 5a field, not sieved  0.3140.02) 0.314£0.02) 5 14 93¢5) 91(+6) 92(£6)
Ws 6a field, sieved 0.54#0.03) 0.5640.03) 3 9 49¢1) 48(+3) 48(+2)
3 Results tion on the sample holder. The resulting heat of adsorp-

tion is therefore a weighted average of the two contribu-
For each of theml, mil, anddh types five blocks were in-  tions. We quantified the heat of adsorption on the wall of our
vestigated, whereas fds andws only four and three blocks, Polyethyleneimine/Stainless steel sample holder to be 1760
respectively, were used. Thus, 22 adsorption measuremen{g=150) Jmot?. As already mentioned by Donénet al.
were made, of which 15 were accompanied by thu€zr (2007b), because the heat released due to the adsorption on
scans, and the remaining seven by two, giving a total ofthe wall of the sample holder is smaller than that released

59 uCT images. due to the adsorption on the snow, the corrected value of
. AQch, is higher than the uncorrected. For a detailed de-
3.1 Adsorption of methane scription of the significance of Qcp, we invite the reader

) to refer to Chaix et al. (1996), Chaix and Dor@ifl1997) and
The mean heat of adsorptiom\ QcH,) can be used as a | egagneux et al. (2002). The effect of wall adsorption on
test for the reliability of the measurement (Legagneux et a'-vtheAQCH4 value is also explained in detail in Donéiret al.
2002; Domire et al., 2007b). It is derived according to (2007h).
AQcH,=RT.InC, using the BET constanC (Legagneux The heat of adsorption value given at the beginning of
et al., 2002; Gregg and Sing, 1982). From the wholeis section A Qcp,=2680¢:200) I mot 1) as well as all the
set of measurements, we found a mean value of 268&sa values given here are corrected for adsorption on the
(£200) I motl. This value is in agreement with the one wall of the sample holder.

recommended by Doménet al. (2007b), who give 2540 gga values measured in this study range fromi4i(to
(£200) I mot?, and confirms the reliability of our measure- 656(52)cnPgL. As described in section 2.2.3, the er-
ments. _ rors on each value were calculated from both the inherent er-
As briefly mentioned by Legagneux et al. (2004), the ad-yors of the experimental apparatus and the errors on physico-
sorption of methane on the sample holder walls leads to aRpemical data. This specific type of error was called “a-priori
artefactin the BET analysis. Don@ret al. (2007b) explained  grror”. The calculated mean SSA values for each snow type
that it produces a systematic overestimation of the SSA bugye given in Table 2, where the cited errors are the standard

can be easily corrected by measuring the adsorption isotherfeyiations (&) of all measurements within each snow type.
on the wall of the sample holder. The amount of methane thatris error was called “interblock error”.

adsorbed on the wall of the sample holder was quantified by

blank measurements. We found that 0.22®001) nf has 3.2 Tomography

to be subtracted from the measured total snow surface area to

correct for this artefact. In our case, the contribution of theThe SSA values determined by tomography ranged between

wall makes up to 8 to 30% of the total uptake of methane,46 (+1) and 733478)cnf g~ 1. In contrast to the BET mea-

the more important contribution occurring for coarse snow,surements, where one measurement was taken for one block

which has a low SSA. of snow, several measurements, using different subsamples,
This correction will also affect the measured heat of ad-have been made for each snow block (see Sect. 2.1). The

sorption. Indeed, in the case of non corrected results, therror on SSA for one individual block is the standard de-

given heat of adsorption convolutes the heat release relatedation (o) of the SSA determined from the different sub-

to adsorption on the snow and also that related to adsorpsamples taken from one single block. This type of error,
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ever, as this possibly systematic error is smaller than the one
Intrablock errors estimated from the standard deviation, we chose the standard
800 1H  A-priori errors i deviati . h her hand. th
v Precipitation o eviation as error estlmate.. On the ot. er hand, t e coarse
o ds ot by types can be segmented with less ambiguity, thus yielding a
—,; 600 1 & ml |—d:P_‘ sharply determined threshold, and are less sensitive to thresh-
- S il old variation (e.g. for ws,~0.002cn?g lper grey scale
S B dh ~ . .
= O s = I 7 s unit). Therefore, the uncertainty favs measurements, for
<%_ 400 1 w o example, due to thresholding is onty0.5 cnf g~ for each
) Mﬂ A s, Sl individual sample. Also, for all other snow types other than
g 1 P 1 decomposing snow, the spatial variation within one scan is
200 1 o ) _
A less pronounced, i.e. typically about 2%.
o £ 2
0 P . ‘ . . 3.3 Comparison of data
0 200 400 600 800

The correlation between SSA values measured by adsorp-
tion of methane (SSget) and uCT values (SSAcT) was
Fig. 5. The correlation between adsorption measurements and tofound to be very good. Indeed, the slope of the corre-
1g. o. | W | u : H H ; H

lation line, which is shown on Fig. 5, was found to be
mography was found to be SRET =1.03+0.03)SSAg. The SSA,cT=1.03¢-0.03) SSAset. This result was obtained by

plotted error bars given for the adsorption method were called “a-]c . he li . h hth p d L2
priori errors” whereas the one given for tomography were called orcing the finear regression through the origin and assigning

“intrablock errors” (see text for details). The data point called “Pre- & Weight to each data point equal to the inverse of the product

cipitation” was not taken into account when calculating the correla-Of the “intrablock errors” on SSgct and the “a-priori er-

tion coefficient as explained in Sect. 3.3. The results for the sample$0rs” on SSAet. This procedure was motivated by the fact

dh andws are magnified in the insert, where the dash-dot line rep-that the errors change with the SSA. We note that the corre-

resents the calculated correlation and the dot line, the 1:1line. lation is better for lower SSA, which is in agreement with the
evolution of the errors on measurements. Moreover, the ob-
tained SSA values are consistent with most recent measure-

and the average SSA, were called “intrablock error” and “in- ments (Domig et al., 2007b) on comparable snow samples.
trablock SSA”, respectively, and are compared to the ad- Albeit the correlation between both methods is very good,
sorption results in Fig. 5. The summarized mean SSA valthe small deviations may be attributed to inherent errors of
ues, calculated from the average of all subsamples for eacRach method, which are discussed in the following para-
show type are given in Table 2, where the cited errors aregraphs.

the “interblock errors” (defined in Sect. 3.1). For decom- Concerning the adsorption measurements, two major
posing snow s in Fig. 5), there is a wide variation among sources of error are suspected.

the different subsamples of each of the 4 blocks (e.g. from i) The molecular area of methanec;,) was experimen-
672 to 821 crig~within one block). Note that in Fig. 5 tally obtained from the molecular area of nitrogen (Chaix
the mean (intrablock) SSA is shown, and the variation isét al., 1996). Nonetheless, there is no absolute value of the
expressed in the large error bars. Also, within one and thenolecular area of a nitrogen molecuteyf), when it is ad-
same subsample, the SSA varies between 5% and 10% dé&orbed on ice. This is mainly due to its dependence on the
pending on the position of the investigated subvolume. Asnature of the surface, on which it is adsorbed. Therefore it
Fig. 4 illustrates, the optimum threshold varies notably for cannot be defined better than withirb—10% (Gregg and
the different decomposing snow measurements, and, in addSing, 1982). Hence, the value for the molecular surface area
tion, the SSA depends heavily on the threshold for this typeof methane used here (1.920~'°m?) also suffers from at
(~0.10 cnf g 1per grey scale unit). Thus, each individual least 5-10% uncertainty, which will influence the calculation
SSA measurement for decomposing snow has an uncertaint§f SSA.

of about+57 cn? g~1due to the uncertainty in the optimum i) An error of 1K in the liquid nitrogen temperature de-
threshold determination. In this light, the possible error in- termination will give rise to a difference 6¢200 Pa inPp
troduced by the marching cubes algorithm when extractingat a temperature close to the boiling point of liquid nitrogen.
the surface (Flin et al., 2005) plays only a minor role. This From error propagation we estimate an error of ale8%
error appears as an artefact of digitization, and becomes onlin the SSA.

relevant when the resolution limit is approached. For exam- Regarding theg:.CT measurements, the three main sources
ple, for a sphere of radius 5 voxel our algorithm overesti- of error are:

mates the specific surface area by 3.4%. We therefore as- i) Setting the threshold value as discussed in Sect. 3.2.
sume that the segmentation process is much more critical for ii) Air inclusions in the ice, which could lead to an over-
the introduction of errors than the surface extraction. How-estimation of the SSA compared to adsorption, since these

2 -1
SSA, e [em'g™]

Atmos. Chem. Phys., 8, 1261-1275, 2008 www.atmos-chem-phys.net/8/1261/2008/



M. Kerbrat et al.: SSA measurement with X-ray tomography and gas adsorption 1269

pores are not accessible for methane during an adsorptiothe first direct comparison of methods based on two differ-
measurement. Analyzing the tomograms, the contribution ofent physical processes and find an agreement within 3% be-
such inclusions to the total surface area was found to be altween the SSA values measured by adsorption of methane
ways lower than 0.6%, thus being negligible. (SSAgeT) anduCT (SSA,cT), for snow having an SSA be-

iii) Choosing a resolution, which is not sufficient to grasp low 700 cn g—2. This shows that the adsorption of methane
the finest structures of the snow. This would lead to an underand the absorption of X-ray light allow measuring reliably
estimation of SSA compared to adsorption. Since our valueshe SSA of snow. It also proves that the data previously ob-
for the finest investigated snow were even slightly above thetained using both methods do not suffer from artefacts, such
adsorption values, it may be concluded that structure sizeas a lack of resolution or deeper issues, such as problems
for this snow type are still of the same order of magnitude aswith physical concepts (e.g. the unknown size of adsorbed
the resolution (1@&m voxel size, corresponding to roughly methane molecules on the ice surface).
30um resolution). Nonetheless, we showed in Sect. 3.2, that for SSAs higher

To check this hypothesis and to find a limit for the resolu- than around 700 cfg~?1, tomography underestimates SSA.
tion, we gathered and immediately measured solid precipitain Dominé et al. (2007b), 11% out of a total of 345 SSA mea-
tion, obtaining an adsorption value of 80464) and atomo-  surements were over 700 égr L. When considering only
graphy value of 69H36) cn? g~ L. It indicates that precip- the 68 measurements made on freshly fallen snow, 46% of
itation particles still feature structures below about.30, the measurements exceed this value. On the other hand, we
which can be resolved by the gas adsorption method, bucan consider the evolution of the SSA of natural snow as
not with the resolution of ounCT; we state therefore that a function of temperature for isothermal metamorphism or
for snow the resolution limit of thig.CT is approximately under a temperature gradient by using the parameterization
700cnfg~L. A theoretical upper limit is given by the SSA suggested by Taillandier et al. (2007). For example, if we
of 30um cubes, i.e. 2000 chy—1; however, the geometry choose a snow sample having a typically high initial SSA
and distribution of sizes in real structures reduces this theoef 1000 cnf g~1, we can estimate that it will take only 4, 9,
retical value. Therefore, no theoretical justification for our 18 or 29 h under temperature gradient conditions at a mean
experimentally found upper limit can be given. Note that temperature of evolution of the snow layer-e5, —10, —15
this data point, denoted as “Precipitation” in Fig. 5, was notand —20°C, respectively, for the SSA to decrease to below
included in the calculation of the correlation coefficient be- 700 cnf g~L. In the case of isothermal metamorphism, the
cause the.CT value is probably too low due to insufficient times are 7, 12, 19 or 28 h respectively for temperatures
resolution. of —5, —10, —15 and—20°C. Therefore, these estimations

Apart from the instrumental and analysis issues, also theshow that the SSA of fresh snow rapidly, i.e. within one day,
sampling procedure could have induced artefacts. It is welldrops into a regime accessible witin€ THowever, directly
known that a too small sample holder could compress theafter precipitation, there is a short time span where.00T
boundary layer, or break away grains at the boundary. Thids not suited to measure the SSA of snow; this is true for
would lead to an overestimation or underestimation, respec31 out of 64 fresh snow samples collected by Doznin al.
tively, of the weighed density with respect to the density ob-(2007b). It has to be emphasized that this is not a problem of
tained from segmented tomograms. Table 2 shows no signifthe tomographic method per se, because a better resolution
icant systematic deviation, however. would solve the problem.

Since three of our snow types evolved from the same snow
under known conditions, we can check the validity of the pa-

4 Discussion rameterisation on our snow samples. The SSA (H&h
obtained on ouds snow sample was considered as the ini-
4.1 Comparison of methods tial SSA and the times and temperatures given in Table 2

were used in the parameterization. The calculated SSA val-
Previous studies of the SSA of presumably comparable samues are 337 chy~1for ml and 260 crAig—1for mil. Those
ples using adsorption method and computer tomography hagesults agree within 12% and 8%, respectively, with the one,
provided results in the same order of magnitude. For exwhich we measured, and show that the parameterization is
ample, Domig et al. (2007b) measured, using adsorptionconsistent with our measurements and that the times, to reach

of methane, the SSA of rounded grains ranging from 118an SSA of 700 crhg—?, given above are reasonable.
to 382cnf g lwith a mean value for the 32 samples of

206(t74)cn?g L. Schneebeli and Sokratov (2004) used 4.2 Time scales involved in surface smoothing

similar snow for their experiments and measured SSAs of

122 and 218 crg L. Our measurements not only show the coincidence between
However, as no direct comparison between both method®oth methods, but also prove experimentally that our snow

has ever been made, it is difficult to assess the quality osamples were smooth up to about /0. This means

methods to determine the SSA of snow. Here, we presenthat structures smaller than adn are probably absent in
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: : > the pressure gradient, implying an increase of the diffusion
i Q?f%j‘sei'gn____ T=-40°C 7 flux. In this sense our estimation yields an upper limit for the
168 | diffusion time. For the estimate, we assume that the radius
_ day of the asperity —and therefore the water vapour flux from the
% 1 evaporating asperity under steady state conditions— is con-
£ stant and that the asperity has disappeared when the amount
3 econd of water it contained has diffused away. A detailed explana-
s 10° O tion of the calculations is found in the Appendix B. The result
_ of the estimate is shown in Fig. 6. The same calculation was
108 277 - : performed also considering two different ways of evolution
vl of the radius (increase and decrease) but as the three differ-
0.01 0‘.1 1 io 100 ent considerations coincide very well (Kerbrat et al., 2007),

. . those calculations are not presented here.
radius of asperitylm]

4.2.2 Role of the surface diffusion
Fig. 6. Characteristic time for the smoothing of an ice surface due

to the Kelvin effect (straight lines) and surface diffusion (dashed The effect of surface diffusion on the smoothing of asperi-
lines) as a function of the initial radius of the asperity. ties may be estimated by calculating the order of magnitude
of the time it takes to smear out the asperity by the random

movement of molecules on the highly mobile surface. The

metamorphosed snow or if present, do not contribute to thesurface diffusion constand, has been determined in the

SSA. This finding is not in contradiction with the measure—ﬁast in a number of different experiments, but the results de-

ments made by Wergin et al. (.2002)’ as they argue that th end heavily on the method and on the temperature range of
irregular hexagonal crystal which they observed generall the measurement (Mizuno and Hanafusa, 1987; Brown and

measure 60 to 90m across. Our aim in this section is to es- George, 1996 Livingston et al., 1997; Jung et al., 2004)

timate time scales involved in surface smoothing i.e. the “feHere, we use the work of Mizuno and Hanafusa (1987), since

t'm? of anfaspe\r)\t/y, (;)f the size ofdsome_,j_m and Iegsl, O?}_ hthey measured the properties in the quasi liquid layer on a
an ice surface. We do not pretend providing a model Whiche,jaction of small ice beads at temperatures close to the

can be used to simulate the evolution of the snowpack but th‘?nelting point, which resembles the situation in snow. Using

provided equations can be successfully used to estimate thﬁMR spectroscopy betweenl .5 and—20°C, they found an

fevo_luhon of the size of asper|t|es_—|f they are prelsent_Wh”e’activation energy of,=0.24 eV and a preexponential factor
or instance, preparing or measuring snow samples. of Do=8.43x10-% m2sL.

Two mechanisms may be capable of smoothing the ice sur-
face and therefore would explain our experimental results:Ie
vapour transport due to the Kelvin effect (Flin et al., 2003
Legagneux and Domé 2005), and surface diffusion. The

Using these assumptions, and the characteristic diffusion
>length of Ax=(4D; 14)*/?, we can estimate the characteristic
' time ¢ to distribute an asperity of radiu® into a disc of

. X ) thickness/
latter process might be quite fast on the ice surface due to
the presence of a highly mobile surface layer, often called R3 5
premelt layer or quasi liquid layer (e.g. Dash et al., 2006). fa = 6dD, @
4.2.1 Role of the Kelvin effect To estimate an upper limit for the timescale, we con-

sider that the asperity is completely smeared out when it has
To evaluate the role of the Kelvin effect in smoothing out reached the thickness of the quasi-liquid layer. However,
an asperity, we consider a simple configuration i.e.: a halfmeasurements of the thickness of the quasi-liquid layer are
sphere emerging from a flat surface. The higher water vapousubject to discrepancies. The fact that the techniques used
pressure above the curved surface as compared to the flad measure it are sensitive to different physical features of
surface results in sublimation of the curved asperity wherethe quasi-liquid layer could explain the differences (Huth-
the water vapour is transported away by gas phase diffusionwelker et al., 2006). Several theoretical models related to
Even for such a simple configuration, the kinetics of how thethe quasi-liquid layer have also been developed (Dash et al.,
half sphere will sublimate would require a numerical simu- 2006), but the experimental discrepancies prevent from eas-
lation. As such a calculation is far beyond the scope of thisily deciding which model is the most appropriate. Moreover,
paper, we simplify the geometry and neglect the flat surfacet has been shown theoretically that impurities (Wettlaufer,
where the half sphere rests. Considering only a flat surfacd999) and curvature (Baker and Dash, 1989) could affect
at an infinite distance from the half sphere, an analytical sothe thickness of the quasi-liquid layer. Hence, the thick-
lution for this diffusion problem can be obtained. The effect ness of this layer is not yet exactly established. In this pa-
of a flat surface underneath the half sphere is an increase gfer our aim is only to evaluate the effect of surface diffusion
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when flattening an ice surface. Thus, in the calculation, weis continuously bombarded with water molecules with a
use an order of magnitude assumption for the quasi-liquidrate ijkinzPige v/(4kpT) with the mean thermal velocity
layer thickness, in agreement with published data. Hence, im=(8kz T /7 M)"?, while the same flux of water molecules
Fig. 6, the thickness of the quasi-liquid layer was set to 100desorbs. In absence of surface diffusion on the ice surface,
and 10 namometer at1°C and—40°C, respectively. For this continuous exchange of molecules with the gas phase
such thicknesses, the characteristic time for the surface difeould lead to a molecularly rough surface. However, driven
fusion is 10 times higher, but becomes comparable to vapouby the minimization of the surface energy, the roughness will
diffusion for smaller radii, where the size of the asperity is disappear, if surface diffusion is fast enough. The interplay
comparable to the mean free path and diffusion becomes limbetween absorption, desorption and diffusion is complex and
ited by molecular kinetics (Pruppacher and Klett, 1997).  has been subject to molecular dynamics studies. Xiao and
Ming (1994) studied this interplay and found conditions for
4.3 Comparison of the estimate with the experimental ob-the molecules smoothness of surfaces. Based on their work
servations and using the activation energy of diffusion Bf=0.24 eV
(Mizuno and Hanafusa, 1987), the ice surface should be also

Figure 6 suggests that even at temperatures as |o8%C  smooth on a molecular scale, as long as the ice does not grow.
the 'smoothing’ of the surface due to the Kelvin effect is very

fast, and after a day structures of the size of several microm4.5 Practical aspects
eters can disappear. This estimate agrees with our measure-
ments. Indeed, if we used Eq. (B6) to calculate the size ofBoth techniques are suitable to measure reliably the SSA of
the asperities which would still be present on daisample  snow. The measurements require in all cases a relatively con-
which was stored 8 days at50°C, we find that all asperi- stant temperature and A.C. power supply. For the adsorption
ties having a radius lower than 1Bn may have sublimated. method, liquid nitrogen must be available, but the measure-
This radius corresponds to an asperity of a aboyt/®30in ment can be done at room temperature and does not require
size, which is the resolution of the tomograph. As no asper-a cold laboratory contrary to theCT. The application in the
ities smaller than the resolution of the tomograph may havefield is therefore limited to sites with a relatively good infras-
“survived™—if they were present after the formation of the tructure. As an alternative,CT samples may be cast in the
crystal-SSAet agrees with SSAct on this decomposing field and quenched in iso octane or decane, for instance, to
snow sample. avoid any evolution of the sample, and brought into a cold
In the case of the sample called “Precipitation” (seelab to be scanned. Snow for the adsorption method can be
Sect. 3.3), the latter was measured about one hour aftesampled in the holder and stored in liquid nitrogen until the
the precipitation. The air temperature during sampling wasmeasurement.
~ —7°C. Using Eq. (B6), we calculated that only asperities The cost of investment to build an adsorption measurement
with a diameter of about 20m and smaller would have had device is far lower than aCT device but each measurement
time to sublimate before the measurement. This means thatquires liquid nitrogen and single use sealing gaskets.
on the 'Precipitation’ sample there possibly were still asperi- Nevertheless, it has to be pointed out here that for many
ties which could not be resolved by the tomograph and therepurposes optical methods may be more appropriate for field
fore SSAset was higher than SSfcr. work. Matzl and Schneebeli (2006), for instance, use near
The calculation also shows that during the scan of a saminfrared photography to map the SSA of a snow pit wall, and
ple, which takes 3h and which is made al5°C (see Painter et al. (2007), using contact spectroscopy, determine
Sect. 2.3), all asperities with a diameter~e25um which the optical grain size, which can be related to SSA.
may have been present at the beginning of the scan will dis-
appear during the measurement. As this value is lower thad.6 Sampling volume, macroscale resolution and show
the resolution of the tomograph, the changes occurring dur- stratigraphy
ing the scan will not affect the results. Note that in the case of
an adsorption measurement, there is no evolution of the samMethane adsorption measures the smallest naturally occur-
ple during the measurement, as it is done at liquid nitrogerring ice particles. Compared to tomography, this indepen-
temperature. dence of resolution is its largest advantage. However, snow-
packs are layered (Colbeck, 1991). In fact, the traditional
4.4 Remark concerning the smoothness on a molecula¢lassification of snow layers underestimates the vertical vari-
scale ation of snow properties substantially (Pielmeier and Schnee-
beli, 2003) . This is also the case for SSA (Matzl and Schnee-
We saw in the previous paragraphs that the surface of icdeli, 2006). A high vertical spatial resolution is therefore ex-
is very likely to be smooth on a micrometer and nanome-tremely important to understand the exchange processes in a
ter scale. Nevertheless, ice is a high vapour pressuraatural snowpack. Methane adsorption works only on a rela-
(Pige) solid and in thermodynamic equilibrium, its surface tively large volume; in our measurements we used a sampling
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volume of 286.5cr, compared to 0.144 chrfor tomogra-  and over the snow pack. Indeed, on the first hand, trace gases,
phy. Therefore it is difficult to resolve the SSA of thin layers which may have been trapped during the crystal growth
with methane adsorption, although Legagneux et al. (2002YHuthwelker, 1999; Krcher and Basko, 2004), could be
have reported to have done this by scraping a thin layer intaeleased during the surface flattening. Such a mechanism
their sample holder. The use of methane adsorption measurevould lead to a transport of atmospheric gases from the
ments in simulations of real snowpacks must carefully con-higher to the lower atmosphere. On the other hand, some
sider errors introduced by the large sampling volume. This iscould be trapped where ice is growing and therefore would be
especially important when photon flux and permeability areremoved from the gas phase also modifying the atmospheric
calculated. composition over the snowpack.

4.7 Atmospheric implications

It is well established that ice-air interactions play an impor-
tant role for the composition of the atmosphere above snows  Conclusions
packs (Grannas et al., 2007; Doriet al., 2007a; Domin
and Shepson, 2002). The total amount of ice surface area—
i.e. the SSA-which is available for heterogeneous reaction§or the first time ever, we have compared the performance of
is of great importance when developing models for air - ice W0 techniques to measure the SSA of snow. Although the
interactions within and above snowpacks. However, in sucHWO techniques used are based on two different physical con-
case, the transport of reactive trace gases through porou&epts, the correlation factor between both methods was found
snow, is also of key importance. In the absence of windt0 be 1.03¢0.03), for SSA values ranging between 50 and
pumping, the transport of trace gases depends on the intef/00 ¥ g~*. The spatial resolution of the adsorption method
play of advection in the gas phase, local adsorption, and thés on the molecular level, while the effective resolution of
gas phase diffusion through the highly porous snow (Démin the #CT is about 3qum. Thus, the very good agreement
etal., 2007a). Modeling these coupled transport processes Retween both measurements show that any micrometer or
difficult, especially, as experimental data on thermodynamichanometer sized surface structures which would remain un-
and kinetic quantities governing these individual processesdetected with the.CT, do not contribute significantly to the
are scarce. Up to now, only few measurements have beefSA. Consequently, our measurements prove that the ice sur-
done to study the transport of gases through snow and havigce in an alpine snow pack is essentially smooth up to a scale
been analyzed using empirical or semi-empirical equationsOf about 3Qum. In contrast, the differences between the two
(e.g. Albert and Shultz, 2002; Herbert et al., 2006). In thetechniques for SSA values larger than 70Ggn'supports
case of inert gases i.e. which do not interact with the ice surprevious observations that such microstructures are present
face, the effective speed of transport through the snow car fresh snow.
be calculated from the diffusivity of the compound in air, the  From simple estimations of the time scales for sublima-
porosity of the snowpack and its tortuosity (Schwarzenbachijon (Kelvin effect) and surface redistribution (diffusion in
et al., 2003; Herbert et al., 2006). While the porosity cang quasi-liquid layer) of small asperities we draw the conclu-
be easily calculated from a density measurement, tortuositgion that both processes are capable of smoothing the surface
is a parameter, which is somehow difficult to assess (Albertgn g length scale of about 3n within a few hours. This
and Shultz, 2002), but which could be easily retrieved fromnas also implications for the evolution of ice prepared in the
tomographic measurements. However, the low resolution ofahoratory for heterogeneous chemistry experiments in that
the instruments used with respect to the molecular scale lennealing leads to a molecularly flat surface.
the question open whether the structure measured®y s . L
could be used when considering molecular flows. This point 1€ absence of surface micro- and nanostructures is sig-
is getting even more important when the molecules consid-”'f'cant for the mode!lmg in such dl_verse fields as friction
ered adsorb on the ice surface of the snow crystal while be®n SNOW, Snow chemistry, snow optics, and snow metamor-
ing transported into or out of the snowpack. In this study, Wephlsm. In modelling Snow metamorphism, for exz_imple., a
show that for most of the snow types, the amount of ice ac.Smooth surface allows to ignore all processes which might
cessible for trace gases could be measured usir@Bwith ~ OCCur on a scale smaller than a few micrometers.
30um resolution. Therefore, the 3-D structure measured by Another very important implication of these results is that
the uCT can be successfully used to develop models of thethe reliability of theuCT in capturing the geometry of aged
diffusivity of trace gases in snow. snow is guaranteed. This fact is crucial for further investiga-
Finally, the water vapour fluxes responsible for the tions to link physical properties with the geometry of snow,
smoothing of the surface after the snow crystal has stoppedbr which theuCT is an ideally suited device. The adsorp-
growing may also influence the partitioning of atmospheriction method remains nonetheless more adapted to measure
trace gases between the gas and the adsorbed phase withiary fresh snow.
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Appendix A may be approximated by the solution of the diffusion equa-
tion in spherical symmetry which is:

Equations for the analysis of the adsorption measurements A

p(r):Poo+7- (B1)

Al Number of adsorbed molecules The Kelvin effect states that over a convex surface the vapour
pressure is higher than over a flat surface, which provides the

The number of molecules adsorbed on the ice surface afteboundary conditions

the n-th injection of methane in unit of molecules Yyis

_ C
given by P(R) = poo eXp(E> (B2)
n P/ Pk
o (2 2) e
T, T, C = Ay B3
k=1 \"hi e kT pice (B3)
Ve Vi A . . . .
—P, 7 + T — (A1) wheres means surface tensiopice is the density of ice,
hn ¢/ J Mice and mp,0 is the mass of one water molecule. This deter-

(Legagneux et al., 2002) where the signification of each symMines the constant=Rp.. [exp(%) —1]. In thermody-

bol is given in Table 1. namic equilibrium, the diffusion away from the curved sur-
face is given by Fick’s law,j=(D/kBT)(A/R?), which,

A2 Error on the SSA upon multiplication with the surface of a half sphere, gives
the particle flux leaving the sphere

The specific surface area is obtained from the BET transform D C

(see Fig. 2) and Eg. (1) and is given by J(R) = ZHMR]?OO [exp(i) — 1} . (B4)

SSA=Nm X acH,. (A2)  Then, the rate of mass loss due to diffusion may be expressed
as

The error on the SSA is therefore given by

ANMm AaCH4>
+ - 9
Nwm ACH,

d
_d"; = —mpy0J (R). (B5)
(A3)

ASSA= SSA( ] ] ) o
If we now neglect the changing radius during sublimation,

i.e. assume a constant diffusion rate. The time it takes for a
half sphere to evaporate can be calculated from the analytical
solution of Eq. B5 as

whereA Ny result from error while fitting Eqg. (1) to the BET
transform. Having

1 2
Ny = ——, A4 R
M= s+ (A9) 1= %f: (B6)
, , [exp(%) — 1]
whereS and/ are the slope and the intercept, respectively of
the BET transformA Ny is given by, — Piceks T ) (B7)
mH,0Dpoo
AS Al
ANwm = 52 + 72 (AS) The asperity is considered as disappeared when its total
mass has been diffused.
The diffusion constant has been corrected for kinetic ef-
Appendix B fects for very small spheres, as described in Pruppacher and

Klett (1997).
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