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Abstract
Differences in curvature or temperature across structural elements in snow lead to concentration
gradients of water vapor over adjacent ice surfaces. The resulting local redistribution of mass
via sublimation, diffusion and deposition — termed metamorphism — causes considerable
changes in microstructure and therefore the physical properties of snow.
The focus of this work is the study of the rate of recrystallization during temperature gradient
metamorphism and associated structural changes. The ideal tool to investigate these processes
is X-ray computed tomography, since it allows a time-lapse analysis with undisturbed snow
samples. In a first step, the applicability of the µCT method for snow imaging had to be
ensured, due to its limited resolution. By comparing ice surface area measured with µCT to
values measured by molecular adsorption, the possibility of undetected surface features on ice
could be excluded.
Knowing that I could trust the µCT method, I extracted the mass flux from time-lapse
tomographies of snow subjected to a constant temperature gradient of 50 K m−1 . An algorithm, known as particle image velocimetry in fluid dynamics, was implemented to construct
a displacement vector field for subsequent images. The flux obtained from the apparent movement of the structure was lower than predicted by the commonly accepted concept of diffusion
enhancement. In fact, the macroscopic transport could be accurately modeled by a continuum theory with the diffusion constant of water vapor in air. A finite element simulation to
solve for the temperature and the vapor concentration field in the microstructure confirmed
that the macroscopic mass transport was not enhanced and was also independent of structure.
Thus, the notion of diffusion enhancement could be rejected. In addition, I found residence
times of the ice voxels on the order of 3-4 days, which means that the entire ice mass changed
phase once during this period. The concept of coarsening in the classical sense, i.e. growth of
larger particles at the expense of smaller ones, is therefore very misleading in the context of
temperature gradient metamorphism.
The unique morphological manifestation of a large temperature gradient (>20 K m−1 ) is
thought to be the formation of faceted crystals. However, by applying alternating temperature
gradients to snow, I could show that a high temperature gradient of 80 K m−1 and more does
not necessarily lead to facets. A special sample holder was constructed to observe this type of
metamorphism directly in a µCT. The scans revealed a mass transfer rate of up to 60 % of the
total ice mass in 12 h, while the morphology remained rounded. This contradicts the current
classification of snow metamorphism, which connects rounded shapes to (quasi-)isothermal
metamorphism. High recrystallization rates are thought to affect the uptake of chemicals in
snow and therefore snow photochemistry, although data on nonequilibrium uptake of trace
gases in ice is scarce.
To shed light on the interaction of trace gases with snow, a setup to measure the effective
diffusivity of NOx and HONO was developed. The molecules were radioactively marked with
13N (t
1/2 ≈ 10 min), and the migration velocity of the highly soluble HONO was deduced from
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the activity profile. The diffusion of the sparingly soluble NOx was determined by the downstream concentration profile. The strong interactions of HONO with ice lead to an effective
diffusivity that is 100–300 times smaller than for NOx .
The experimental results on water vapor transfer challenge the current understanding of
snow metamorphism. Operational snow pack models have to account for the unusual snow
metamorphism in alternating temperature gradients that can be found near the surface. Models
for chemical air-snow interactions may have to take the high recrystallization rates into account
when temperature gradients are present, but more uptake experiments are needed to determine
how.
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Zusammenfassung
Aufgrund von Krümmungs- oder Temperaturunterschieden zwischen benachbarten Eisstrukturen im Schnee entsteht ein Wasserdampf-Konzentrationsgefälle im Porenraum, was zu einer
ständigen Umlagerung von Eis über Sublimation, Diffusion und anschliessender Deposition
führt. Dieser Prozess — die sog. Schneemetamorphose — ändert die Mikrostruktur und damit
auch die physikalischen Eigenschaften von Schnee beträchtlich.
Der Schwerpunkt der vorliegenden Arbeit liegt auf der Untersuchung der Umkristallisierungsrate die durch einen Temperaturgradienten hervorgerufen wird, und den damit verbundenen Strukturänderungen. Röntgen-Mikrotomographie ist hervorragend für das Studium dieser
Prozesse geeignet, da sie Zeitrafferaufnahmen einer ungestörten Schneeprobe ermöglicht. Bevor
allerdings Schlüsse aus Tomographieaufnahmen gezogen werden können, muss sichergestellt
werden dass die begrenzte Auflösung der Methode keine Artefakte erzeugt. Zum Beispiel
würde das Übersehen von Obflächenstrukturen unterhalb der µCT-Auflösung die gemessene
spezifische Oberfläche verfälschen. Durch Vergleich mit Methanadsorption, also mit einer
Methode zur Oberflächenbestimmung mit molekularer Auflösung, konnte die Existenz solcher
Strukturen allerdings ausgeschlossen werden.
Nachdem die Zuverlässigkeit der µCT-Daten gezeigt war, konnte ich den WasserdampfMassenfluss während der Schneemetamorphose mithilfe von dreidimensionalen Zeitrafferaufnahmen von Schneeproben, die einem Temperaturgradienten von 50 K m−1 ausgesetzt waren,
berechnen. Dazu wurde ein Algorithmus aus der Fluiddynamik (particle image velocimetry)
implementiert, welcher ein lokales Verschiebunsfeld für zwei aufeinanderfolgende µCT-Bilder
erzeugt. Der Massenfluss aus der scheinbaren Bewegung der Eisstruktur war niedriger als man
nach gängiger Auffassung (diffusion enhancement) erwartet hätte. In der Tat konnte ein Kontinuumsmodell mit der Diffusionskonstanten von Wasserdampf in Luft den gemessenen Fluss
gut erklären. Zur Bestätigung der Messungen wurde ein Finite-Elemente (FE) Modell zur
Berechnung der Temperaturverteilung und des Konzentrations-Feldes in Eis und in der Luft
herangezogen. Auch das FE Modell widersprach der Vorstellung eines diffusionsverstärkenden
Effektes von Schnee. Das Konzept des “diffusion enhancement” ist somit nicht mehr haltbar.
Zudem war die Verweildauer der Eisvoxel von der Grössenordnung 3–4 Tage, was bedeutet dass
die komplette Eismasse in dieser Zeit einmal in Wasserdampf umgewandelt worden ist. Die
Vorstellung eines “coarsening” im klassichen Sinne, also des Wachsens von größeren Strukturen
auf Kosten von Kleineren, ist also bei der Temperaturgradienten-Metamorphose irreführend.
Kantige Formen werden üblicherweise als eindeutiges Kennzeichen für starke Temperaturgradienten (>20 K m−1 ) interpretiert. Durch Anlegen eines sinus-förmigen Gradienten konnte
ich allerdings zeigen, dass Werte von mehr als 80 K m−1 nicht notwendigerweise zu kantigen
Formen führen. Die µCT Aufnahmen zeigten eine Massenumlagerungsrate von bis zu 60 %
der gesamten Eismasse während 12 h, während die Kornformen sich kaum veränderten. Dies
widerspricht der momentanen Klassifizierung der Schneemetamorphose, die kleinen runden
Kornformen den Prozess der abbauenden (oder quasi-isothermen) Metamorphose zuordnet.
Hohe Wachstumsraten beeinflussen wahrscheinlich die Aufnahme von chemischen Elementen
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im Schnee und damit die gesamte Photochemie. Allerdings gibt es kaum experimentelle Daten
zur Spurengasaufnahme auf wachsendem Eis.
Um die Wechselwirkung von Spurengasen mit Schnee besser zu verstehen, wurde ein Aufbau zur Messung der effektiven Diffusionskonstanten von NOx und HONO entwickelt. Die
Moleküle wurden mit 13N radioaktiv markiert (t1/2 ≈ 10 min), was die Berechnung der Transportgeschwindigkeit für das hoch wasserlösliche HONO aus dem Aktivitätsprofil ermöglichte.
Die Diffusion des schwerlöslichen NOx wurde über die Konzentration im Trägergas hinter der
Schneeprobe bestimmt. Die unterschiedlichen Wechselwirkungen mit Eis schlugen sich in den
Diffusionskonstanten nieder, welche für HONO 100–300 mal niedriger war als für NOx .
Die experimentellen Resultate zum Wasserdampftransport stellen das momentane Verständnis der Schneemetamorphose auf den Prüfstand. Operative Schneedeckenmodelle müssen die
ungewöhnliche Metamorphose unter wechselnden Gradienten — wie sie oft in der Nähe der
Schneeoberfläche vorkommen — berücksichtigen. Für die Modellierung der chemischen Wechselwirkungen zwischen Schnee und Atmosphäre könnte die schnelle Umkristallisierung eine
wichtige Rolle spielen. Zur Quantifizierung dieses Rolle sind weitere Experimente unumgänglich.
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Snow and adolescence are the only problems
that disappear if you ignore them long enough.
Earl Wilson

1
Introduction
Earl Wilson probably did not have global warming in mind when he said the above-quoted
sentence. However, with rising global temperatures and globally changing snow properties, the
cryosphere has received unprecedented attention. Global climate modeling is more sophisticated than ever, and our understanding of each part of the complex Earth system is improving.
This introductory chapter puts the material snow and its complex metamorphism into context
and reveals some unresolved inconsistencies in the current description of snow.

1.1 The abundance of snow and ice on Earth
The masses of ice and snow on earth are unimaginable: the mean maximum areal extent of
snow cover is approximately 47 million km2 . Most of the Earths snow-covered area (SCA) is
located in the Northern Hemisphere. The pronounced temporal variability is dominated by
the seasonal cycle. Northern Hemisphere snow-cover extent ranges from 46.5 million km2 in
January to 3.8 million km2 in August [Robinson et al., 1993]. Most of Earth’s fresh water
resources are locked in ice sheets, holding about 77 % of the global total. This corresponds to
a world sea-level equivalent of 80 m. Antarctica accounts for 90 % of this amount, and most of
the remaining 10 % is located in Greenland. An overview of earth’s cryosphere — i.e. the area
where frozen water is an essential component — is shown in Figure 1.1. The seasonal snow
cover constitutes an estimated 9 % of the Earth’s area (see Table 1.1). From these figures, it
is evident that snow is a global player with effects on climate, hydrosphere and biosphere.

1.2 The role of snow: from a local to a global perspective
Snow is a material full of contradictions: the beauty and silence of falling snow contrasts the
force of a powder avalanche roaring down a steep slope; our perception of ice as a cold material
is in contrast to the physical description of ice as a high temperature material.
People living in areas with significant snow cover like the Alps have learned to live with
snow. The impact on their everyday lives is obvious: snow affects transportation, water
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Figure 1.1: Overview of the cryosphere, presented by the United Nations Environment Programme (UNEP). (From: http://maps.grida.no/go/graphic/thecryosphere-world-map)
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Table 1.1: Extent of Earth’s cryosphere. (Data from Wallace and Hobbs [2006].)

Cryospheric component

% of Earth’s area

Antarctic ice sheet
Greenland ice sheet
Alpine glaciers
Arctic sea ice (March)
Antarctic sea ice (September)
Seaonal snow cover
Permafrost

2.7
0.35
0.1
3
4
9
5

Note that the figures are only estimates and difficult to quantify: maximum extents are reached at
different times on northern and southern hemisphere, and the components are not disjoint, e.g. snow
can cover permafrost.

management, agriculture, and recreational activities. Some areas are strongly dependent on
the touristic demand resulting from winter sports. For example, the tourist destination Davos
records 2 million overnight stays per year, 1.3 million of which take place in the winter season,
opposed to 13 300 permanent residents. This makes an average population increase of 40 %.
Almost one third of the full-time positions can be found in the hotel and restaurant industry,
and 33 % of the production volume of the economy in Davos is absorbed by touristic demand
[Walz et al., 2006].
Apart from the touristic benefits, snow constitutes a major natural hazard. In the 1999
avalanche winter, big avalanche events caused 17 fatalities. The economic loss due to damaged
buildings and traffic infrastructure (avalanches and static snow loads) summed up to more than
130 million Swiss Franks. Figure 1.2 gives an impression of the destructive power that a large
avalanche can develop. Not only the singular large avalanche events, recurring in periods of
30-40 years, cause headache. Every winter an average number of 25 people are killed by snow
avalanches in the Swiss Alps, and the great majority trigger “their” snow slab themselves. The
average snow slab has a width of about 50 m with a crack height of 50 cm, a length of 200 m,
and is very hard to predict [Schweizer et al., 2003]. The generally accepted practical avalanche
theory, which is also taught in avalanche awareness courses for backcountry skiing, is mostly
based on heuristics, i.e. on analysis of previous accident statistics [Munter, 2002]. There is
a large gap between scientific knowledge about the material properties of snow and practical
application in the field, which is mostly due to the large spatial variability of snow properties
on different length scales [Schweizer et al., 2008]. The development of avalanche forecasting
has reached a point where further improvement is only possible by taking into account the
microstructure of snow and the relationship between microstructure and mechanical properties.
Apart from the immediate socio-cultural impact of snow on human beings, snow has a
strong interaction with other components of the climate system, the hydrosphere, and the
biosphere [see Arons and Colbeck, 1995, and references therein]. For example, there is evidence
that snow has a feedback on regional weather. The availability of nutrients and habitats
are influenced by perennial snow covers. The large snow covered areas at the poles play an
important role for the climate of the planet earth. Compared to land masses, snow covered
areas have significantly different physical properties such as albedo and thermal conductivity,
and thus influence the global energy budget of the earth. Advances in understanding the
electromagnetic properties of snow [Grenfell and Warren, 1999] have given remote sensing a
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Figure 1.2: Avalanche damage in Geschinen, Switzerland. One person died in the debris (after refusing evacuation) when an avalanche hit the building on February 23, 1999 [Eidg. Institut für Schnee und Lawinenforschung,
2000].
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boost as a tool kit for measuring snow cover properties on a large scale and also measuring
temporal changes in snow in Greenland and Antarctica.
Since snow remains permeable to gases down to the pore close off [Albert and Shultz, 2002],
the huge internal ice-air interface is accessible for trace gases and gives rise to heterogeneous
photo-chemical reactions that modify the composition of the lower atmosphere [Dominé and
Shepson, 2002, Grannas et al., 2007]. Thus, snow is an active chemical reactor and a source of
trace gases. Recently observed species that are released from the snowpack include formaldehyde (HCHO), hydrogen peroxide (H2 O2 ), acetaldehyde (CH3 CHO), acetone (CH3 COH3 ),
nitrogen oxides (NO,NO2 ), nitric acid (HNO3 ), and nitrous acid (HONO or HNO2 ) [Sumner
and Shepson, 1999, Honrath et al., 2000, Zhou et al., 2001, Guimbaud et al., 2002, Dibb and
Arsenault, 2002, Hutterli et al., 2004]. Snow chemistry is an active field of research, with many
open questions, like the impact of snow metamorphism on the fate of trace gases.
The gas transport processes within snow and firn lead to mixing of the pore air with fresh
air from the atmosphere, and thus to an age difference between the interstitial air and the
adjacent ice. The composition of air bubbles trapped in polar ice has been used to reconstruct
past atmospheric mixing ratios of stable trace gases [Wolff et al., 2007].
The above examples emphasize that macroscopic physical properties of snow enter such diverse disciplines as Climatology and Paleoclimatology, Meteorology, Hydrology, Ecology, Commerce, and Remote Sensing, both on a regional and on a global scale. The temporal evolution
of many parameters in snow is only understood qualitatively. Therefore, understanding the
evolution of snow microstructure and linking structural parameters to physical properties is of
great importance for all these disciplines.

1.3 A short history of snow research
After the invention of the microscope in the last half of the 17th century, many observations
of natural phenomena followed. However, systematic observations of fallen snow were not
reported until the 19th century, and attempts to categorize snow on the ground had to wait until
the 20th century [see review by Colbeck, 1987, and references therein]. The interest in skiing
rose in the 1930’s, which was accompanied by increased quality and availability of observations
of snow. These data consisted largely in field observations and physical speculations. With
the founding of the laboratory in Davos in 1936, a new era of investigations began. Bader
et al. [1939] provided the first laboratory study on the destructive metamorphism of snow
flakes (see Fig. 1.3). The use of repeatable experiments under controlled conditions in a cold
laboratory provided new insights into the processes occurring in a snow pack. De Quervain
[1953] continued these efforts, and in the 50’s various groups around the world became involved
[Yosida, 1955, Giddings and LaChapelle, 1962]. Early on in this research it was already clear
that different thermal boundary conditions produce different morphology of the snow grains,
and the terms equi-temperature metamorphism and temperature gradient metamorphism were
coined. Sommerfeld and LaChapelle [1970] proposed a classification scheme for snow on the
ground based on the physical processes leading to a certain morphology. The classification
summarizes the understanding of snow metamorphism processes at that time.
Equi-temperature metamorphism was observed when no temperature gradients were acting.
The driving force for mass redistribution was known to be the minimization of the surface
energy. The morphology was dominated by rounded grains. Grain size, intuitively defined as
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Figure 1.3: Destructive Metamorphism (also equi-temperature metamorphism) observed by Bader et al. [1939].
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(a) Class 5cp (K. Izumi)

(b) Class 5cl (M. Sturm)

(c) Class 7ch (S. Colbeck)

Figure 1.4: Images of depth hoar crystals, the result of temperature gradient metamorphism. Taken from
Colbeck et al. [1990].

the largest extent of a particle, was observed to decrease for freshly precipitated particles and
to increase again later when the rounded particles sintered together.
Temperature gradient metamorphism, also called constructive metamorphism, was the result
of mass transport due to temperature gradients. This process was responsible for producing
depth hoar, the strongly faceted and sometimes even cup-shaped crystals with hardly any
cohesion (Fig. 1.4). The occurrence of cup crystals was an unmistakable sign of temperature
gradient metamorphism.
Together with the classes “unmetamarphosed snow” and “firnificated snow”, this scheme
was used to describe snow on the ground. This classification is used to date without major
changes. It has been detailed in an interdisciplinary effort to produce a common language by
an international Working Group on Snow Classification [Colbeck et al., 1990]. Some faceted
snow grains and their classification are shown in Figure 1.4.
Since then, efforts in the field of temperature gradient metamorphism were focused on understanding the influence of geometry on transport and vice versa. A complete review of the
modeling approaches of transport through snow was given by Arons and Colbeck [1995].
Retrospectively, one serious drawback in the study of snow for most of the last 70 years
was the fact that field and laboratory observations were necessarily focused on snow grains,
defined as “the obvious subunit in a pack” [Sommerfeld and LaChapelle, 1970]. Objective
experimental methods included grain photographies and iterative sieving to determine grain
size distributions. This perspective led to the perception of snow as a granular material,
which is reflected in all models of snow metamorphism. These models are usually formulated

7

Chapter 1: Introduction
in terms of spherical particles that form bonds where they touch. However, snow does not
resemble this simple model most of the times, and its physical properties are dominated by
the three dimensional network of ice rather than by the shape of single grains. Analyzing
the grains required the destruction of the 3-dimensional architecture, thus loosing information
about the connectivity. Snow scientists were aware of this fact, as Colbeck [1987] wrote: “The
study of snow metamorphism would seem to be poised for a major step forward if stereology
can, in fact, provide us with the necessary insights into the geometrical relationships among
the particles in snow.” Indeed, correlations between stereological parameters and mechanical
properties [Kry, 1975] could be demonstrated. And time was ripe for a three dimensional view
of snow: the first three-dimensional reconstructions were achieved by serial sectioning [Good,
1980, Perla, 1982, Perla et al., 1986]. However, this was a laborious procedure, that could
not be employed extensively to collect data. Nevertheless, for field campaigns, casting in situ
and making serial sections later in the cold laboratory was still the only feasible way to study
structural parameters of snow in remote areas for a long time [e.g Freitag et al., 2002].
A major step forward in the investigation of snow microstructure was the application of
X-ray micro tomography (µCT) to image snow [Coléou et al., 2001, Flin et al., 2003, Schneebeli and Sokratov, 2004]. This non-invasive technology allows the observation of undisturbed
samples. With the advent of desktop devices, the unique opportunity of time lapse studies of
metamorphosing snow was realized [Schneebeli and Sokratov, 2004]. The present work relies on
this new technique and explores new applications of tomographic imaging by combining three
dimensional images with powerful simulation techniques. Figure 2.1 in Chapter 2 opposes
traditional grain photographies to three dimensional µCT images.

1.4 The current understanding of snow metamorphism
This section sets the stage for the following chapters. I will point out inconsistencies in the
historically-grown notions of snow metamorphism by critically reviewing the common terms
equi-temperature and temperature gradient metamorphism.
The single most important property of ice that is responsible for structural changes in snow
is the high equilibrium vapor pressure near its melting point. Ice in nature is mostly found
near its melting point, with a homologous temperature T /Tmelt > 0.9. In this sense, snow is a
high temperature material. Differences of vapor pressure within the snow can be induced by
varying curvature or by varying temperature. However, these two effects have very unequal
strengths in natural snow. To estimate the temperature gradient that would be necessary to
outpace a curvature effect assume typical values for aged snow (fresh snow) of 40 µm (10 µm)
for radius of curvature, and 200 µm (280 µm) for particle separation. At -10◦ C, the Kelvin
effect would increase the equilibrium vapor pressure by 3.1 × 10−5 (1.2 × 10−4 ) relative to
a flat surface. For the same effect, a temperature difference of 0.35 mK (1.4 mK) would be
sufficient, or a temperature gradient across the pore space of 1.75 K m−1 (5.0 K m−1 ). Since
temperature gradients of this size are very common in natural snow packs, temperature gradient
metamorphism is expected to be the dominating process in nature.

1.4.1 Equi-temperature metamorphism and rounded grains
In the absence of temperature gradients, the only driving force for structural changes results
from curvature differences. Its morphological manifestation consists of rounded grains with
reverse-curved necks between the grains. Six potential mechanisms were debated as candidates

8

1.4 The current understanding of snow metamorphism
for mass transport: surface diffusion from a surface source, volume diffusion from a surface
source, vapor transport from a surface source, boundary diffusion from a grain boundary source,
and volume diffusion from dislocation sources. The generally accepted opinion today is that
vapor diffusion through the pore space is the dominating process [Hobbs and Mason, 1964,
Spiegel, 2008], although Kaempfer and Schneebeli [2007] questioned this opinion and proposed
grain boundary diffusion as a dominating process.
The standard reference for classifying snow when a common description is needed is the
International Classification for Seasonal Snow on the Ground (ICSSG) [Colbeck et al., 1990].
The intention of the ICSSG was a “system that is based on morphology but includes the
dominant physical processes as we understand them“. The classes 3a, 3b, and 3c in this
classification are related to small rounded particles, large rounded particles and mixed forms,
respectively. The small and large rounded particles are called equilibrium forms, i.e. they are
assumed to evolve under isothermal conditions. The mixed forms are considered transitional
forms as the temperature gradient increases.
Two observations question this classification. First, temperature gradients are often measured in the snow cover where rounded forms prevail. Especially near the snow surface, where
radiative heating and cooling are in effect and thus large temperature gradients are established,
rounded forms are the most frequently reported grain shapes. Second, the time scale on which
destructive metamorphism acts is on the order of several weeks. In Fig. 1.3, the shape of the
precipitation particle after 20 days is still recognizable. Recent experiments under isothermal
conditions [Kaempfer and Schneebeli, 2007] also suggest that equi-temperature metamorphism
is a very slow process. However, in field observations, the precipitation particles change dramatically within a few days.
Thus, there is reasonable doubt that equi-temperature metamorphism is the process that
produces the observed grain morphologies in the field. In Chapter 5, we will pursue the question
of the effect of an alternating temperature gradient on crystal morphology.

1.4.2 Temperature gradient metamorphism and the concept of diffusion
enhancement
In his seminal work, Yosida [1955] coined the term hand-to-hand transport that intuitively
describes the mechanism of vapor transport in snow under a temperature gradient. When
a temperature gradient points in the negative z-direction, i.e. temperature is higher on the
bottom of a snow-sample than on the top, then two adjacent structural elements with different
z-position have different temperatures. This causes a vapor pressure gradient to be established
between the upper surface of the lower grain and the lower surface of the upper grain, and water
vapor starts to diffuse towards the colder grain. The large growth rates under temperature
gradients produce unique crystal shapes (see Figure 1.4 for early photographs). A threshold
gradient of 10–20 K m−1 was observed experimentally, above which large, faceted crystals were
found [see e.g. Colbeck, 1983].
By weighing a snow volume with a vapor barrier after some time of exposure to a temperature
gradient, Yosida [1955] measured an effect of this hand-to-hand transport on the overall rate
of vapor transport across a snow sample. His experiments led to the conclusion that H2 O mass
transport through snow is more effective than without snow, expressed in the effective diffusion
constant being about five times higher than the diffusion constant of water vapor in air. This
was a very influential result, since many subsequent studies took this value as a benchmark
and tried to confirm the concept of enhanced diffusion.
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The consequences of an enhanced diffusion coefficient are far reaching. Enhanced diffusion
would generate a significant contribution to heat transport due to the large latent heat of H2 O.
The large mass flux would result in considerable mass redistributions within the snow pack.
Yosida himself considered a plate model to illustrate the enhancement of diffusion. The
plate model assumed that the entire ice mass was distributed in space in infinite parallel
plates. Yosida used a form factor (“formzahl”) ∈ [0, ∞[ to account for the orientation of the
plates. In the serial limit, where the formzahl equals 0, the gradient in the air space ∇Tair at
a given snow density ǫ can be expressed in terms of the macroscopic gradient ∇T :
∇Tair =



κair
(1 − ǫ) +
ǫ
κice

−1

∇T .

(1.1)

This gives an enhancement of 1.4 at a density of ǫ = 0.3. In this view, it is not comprehensible
why the experimental result of Yosida [1955] — i.e. the enhancement of vapor diffusion by a
factor of 5 — did not provoke more debate, but was accepted immediately without repeating
the experiment. This fact is even more surprising when considering the publication of Giddings
and LaChapelle [1962]. They adopted a statistical point of view and reasoned that, on average,
a line along the z-axis intersects a fraction ǫ of solid ice, where the temperature drop is negligible
due to the large conductivity of the ice. Thus, if the entire temperature drop takes place in
the pore space, the gradient is enhanced by a factor of (1 − ǫ)−1 , which is an approximation to
Equ. 1.1. However, since the area for diffusion is reduced by a factor of (1− ǫ), the macroscopic
diffusion flux is not enhanced, and there is no effect of the snow structure. Their equation
(8) explicitly states that Deff = Dair , the diffusion constant in air. Giddings and LaChapelle
[1962] refer to Yosida’s experiments and offer a simple explanation in terms of unnoticed air
gaps in the measurement apparatus. Experiments by Voitkovskii et al. [1988] yielded indeed
an effective diffusion constant that was compliant with the theory of Giddings and LaChapelle
[1962].
However, these publications received little attention. Influential researchers like de Quervain
were convinced of the concept of diffusion enhancement. Colbeck [1993] presented a review
on the vapor diffusion coefficient for snow, where the case was finally decided in favor of
Yosida. Based on results from soil science and on a model calculation, Colbeck concluded that
the enhancement factor was real and that Voitkovskii’s results suffered experimental error,
but without convincing arguments. The model used for the calculation of Deff consisted of a
regular grid of non-contacting ice spheres, like those shown in Fig. 1.5. Colbeck applied the
capacitance analogy that is widely used in atmospheric physics to describe the growth of ice
particles in a supersaturated environment. This analogy makes use of the formal similarity of
the differential equations for the electrostatic potential φ and the mass density ρ. Using the
analogy between charge Q and potential φ on the one hand and mass growth rate ṁ and mass
density ρ on the other hand, Colbeck described the growth rate of a particle as
ṁ = 4πCD δρ,

(1.2)

where C is the electrostatic capacity of a spherical particle. To apply this equation to the
geometry of spheres shown in Fig. 1.5, Colbeck used the capacity of two spheres. The mass
flux between two spheres can then be calculated approximately as
Deff = 10.0 ǫ0.51 Dair .
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Figure 1.5: Geometry of the model used by Colbeck [1993] to calculate the effective diffusion constant for water
vapor in snow. The model density is 0.29, a realistic value for (aged) snow.

This result is in agreement with the findings of Yosida [1955]. To point out the consequences
of this model, I insert some typical numbers. For a density of 0.29, Equation 1.3 yields an
enhancement factor of 5.35, which would result in a flux of 9.9 × 10−7 kg m2 s−1 at 50 K m−1 .
I believe that the model of Colbeck [1993] is based on two wrong assumptions:
1. The electrostatic analogy cannot be used for a lattice model of spheres. The influence
of the surrounding spheres reduces the capacity of the arrangement. In fact, due to
symmetry, the mass growth rate of one sphere must vanish when the vapor pressure
is assumed to vary linearly with temperature. In this case the sphere is growing and
sublimating at the same rate.
2. The artificial distribution of mass in the lattice model concentrates the mass flux within
a small portion of space, while in the remaining zones the flux almost drops to zero. By
averaging the flux in the z-direction over a complete unit cell, the statistical nature of
snow can be taken into account, and the resulting flux will be lower than anticipated by
the model.
With these two modifications, the predicted mass flux of the transport model will be significantly lower.
Apart from the confusion about the enhancement factor, there are different notions of
grain-to-grain transport and layer-to-layer transport. Sturm and Benson [1997] observed grain
growth within one layer and density changes across different layers. The transport rates for
these two processes were significantly different. Since density changes are only proportional to
changes in mass flux, there is no hope to measure the actual mass flux by measuring density
changes.
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The most recent studies [Sokratov and Maeno, 2000, Satyawali, 2000] also used measurements
of density differences. Sokratov and Maeno [2000] reported values for Deff which where below
the diffusivity of air. However, in an elaborate discussion, they claim that their measurements
do not contradict the concept of Colbeck [1993] and Yosida [1955]. Satyawali [2000] measured
diffusion coefficients slightly higher than that of air, but did not compare the values directly
with Yosida’s values. Instead, he concludes that “the effective vapor-diffusion coefficient for
snow is much greater than that for air”.
After examination of the model of Colbeck [1993], the notion of diffusion enhancement can
no longer be supported. We will show in Chapter 4 that there is no diffusion enhancement in
snow and all the confusion must be attributed to a systematic error in Yosida’s experiment.

1.4.3 Operational snow pack modeling
Large-scale material properties like optical reflectivity are mostly parameterized and calibrated
with field data, without first-principles physical considerations.
However, the macroscopic properties (on a scale of m) depend on the microscopic texture
(on a scale of 100 µm). Arons and Colbeck [1995] reviewed the experimental evidence and
the modeling efforts to understand this connection. They concluded that a physical understanding of geometric effects seemed to be a long way from realization. The dramatic impact
of microstructure on physical properties can be illustrated by thermal conductivity [Sturm
et al., 1997]: Figure1.6 shows that for one density and one morphological snow classification
the thermal conductivity varies by up to an order of magnitude.
There are efforts to predict micro structural evolution of snow packs on the basis of meteorological parameters [Brun et al., 1992, Bartelt and Lehning, 2002]. For example, the model
Snowpack uses 4 microstructural parameters to describe snow evolution: grain size, bond
size, sphericity, and dendricity. Rate equations for these 4 quantities are calibrated to the
two cases ETM and TGM. Transport properties like thermal conductivity are parameterized
with these 4 parameters. In view of Figure 1.6, it is clear that these parameters cannot accurately describe thermal conductivity. There is still no physically adequate parameterization
for thermal conductivity available. Future research will have to address this question.

1.5 Structure of the present work
Snow metamorphism is a complex three-dimensional process. So far, experimental restrictions
have prevented the collection of extensive data about structural changes. However, experimental data is the basis for developing and testing models of snow metamorphism. The main
goal of this work was the development of an experimental setup to study temperature gradient metamorphism under natural conditions, i.e. under constant and cycling temperature
gradients. The resulting time-lapse tomographic data were used to test the current understanding of water vapor transport due to temperature gradients and trace gas transport due
to concentration gradients.
This work consists of a collection of manuscripts submitted for publication in peer-reviewed
journals.
Chapter 2 lays the foundation for all subsequent chapters that involve µCT studies. The
goal of this study was to prove that the effective resolution of about 30 µm of our µCT was

12

1.5 Structure of the present work

Figure 1.6: Thermal conductivity of snow as summarized by Sturm et al. [1997]. For one density and morphological classification, thermal conductivity can vary by a factor of 5 (red dots mark some of the points denoted
“hard drift”).
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sufficient to study snow. To this end, we measured the specific surface area of a variety of
snow samples both by gas adsorption (with molecular resolution) and by µCT. The excellent
correlation of both methods shows that there is no resolution issue except for very fresh snow.
Published in Atmospheric Chemistry And Physics, 2008, 8, 1261-1275.
M. Kerbrat, B. Pinzer, T. Huthwelker, H.W. Gaggeler, M. Ammann, and M. Schneebeli, “Measuring the specific surface area of snow with X-ray tomography and gas adsorption: comparison
and implications for surface smoothness”, http://www.atmos-chem-phys.net/8/1261/2008/
Chapter 3 describes the development of a new sample holder for tomographic experiments.
The sample holder allows the application of non-steady temperature gradients with good decoupling from the environment and simultaneous periodic µCT scanning.
Reubmitted to Mesurement Science and Technology after peer review, 2009.
B. Pinzer and M. Schneebeli, “Breeding snow: an instrumented sample holder for simultanous
tomographic and thermal studies”
Chapter 4 reports on results from steady temperature gradient experiments. With the aid
of time-lapse tomography, the concept of gradient enhancement could be disproved. For the
first time, the dynamics of vapor condensation and sublimation could be observed. As a
conclusion, the process of growing particles in TGM cannot be treated as a coarsening process
in the classical sense. Snow must be treated as a population of ice that is born and dying on
the scale of a few days.
Submitted to Journal of Geophysical Research, 2009.
B. R. Pinzer, M. Schneebeli, and T. U. Kaempfer, “Direct observation and simulation of
the dynamics of dry snow metamorphism under a high temperature gradient using time-lapse
micro-tomography”
Chapter 5 addresses the question how an alternating temperature gradient influences the
structural evolution of snow. Presenting experimental data, we can conclude that the concept
of division into two metamorphic classes must be revisited. The unexpectedly high recrystallization rate for this type of snow metamorphism is not reflected in the grain shapes, and must
be considered for chemical interactions between snow and the atmosphere.
Published in Geophysical Research Letters, 2009, 36, L23503.
B. R. Pinzer and M. Schneebeli, “Snow metamorphism under alternating temperature gradients: Morphology and recrystallization in surface snow”
Chapter 6 summarizes the study of the effective diffusion coefficient of trace gases in snow.
Both noninteracting NO and NO2 and strongly interacting HONO were investigated. In the
noninteracting case we found good agreement with predicted values using tortuosity from µCT
scans. In the interacting case, the diffusivity was 2 orders of magnitude lower. Estimates of
the partitioning coefficient agreed with flow tube experiments.
Submitted to Journal of Geophysical Research, 2009.
B. R. Pinzer, M. Kerbrat, T. Huthwelker, H. W. Gäggeler, M. Schneebeli, and M. Ammann,
“Diffusion of NOx and HONO in snow: a laboratory study”
In the appendix, a detailed comparison of alternating gradient experiments with the classical
ETM and TGM cases is given. The evolution of the “new class of snow metamorphism” is
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somewhere between ETM and TGM. The material has been shifted to the Appendix because
the manuscript is still at a very early stage.
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Smooth shapes are very rare in the wild but
extremely important in the ivory tower and the
factory.
Benoit Mandelbrot

2
Measuring the specific surface area of snow
with X-ray tomography and gas adsorption:
comparison and implications for surface
smoothness1
Smooth shapes, at the scale of about 30 µm, are also an important characteristic of snow —
otherwise we would have a hard time to measure geometrical properties with our µCT. This
chapter describes how methane adsorption can be used to validate the µCT method, by showing
that there are no sub-resolution surface features. This study was carried out in collaboration
with the radiochemistry group at PSI.

Abstract
Chemical and physical processes, such as heterogeneous chemical reactions, light
scattering, and metamorphism occur in the natural snowpack. To model these processes in the snowpack, the specific surface area (SSA) is a key parameter. In this
study, two methods, computed tomography and methane adsorption, which have
intrinsically different effective resolutions – molecular and 30 µm, respectively –
were used to determine the SSA of similar natural snow samples. Except for very
fresh snow, the two methods give identical results, with an uncertainty of 3%. This
implies that the surface of aged natural snow is smooth up to a scale of about
30 µm and that for optical methods a voxel size of 10 µm is sufficient to capture
all structural features of this type of snow; however, fresh precipitation appears to
contain small features that cause an under-estimation of SSA with tomography at
this resolution. The methane adsorption method is therefore superior to computed
tomography for very fresh snow having high SSA. Nonetheless, in addition to SSA
1

Article published by M. Kerbrat, B. Pinzer, T. Huthwelker, H. W. Gaggeler, M. Ammann and M. Schneebeli,
Atmos. Chem. Phys., 2008, 8, 1261-1275
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determination, tomography provides full geometric information about the ice matrix. It can also be advantageously used to investigate layered snow packs, as it
allows measuring SSA in layers of less than 1 mm.

2.1 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 sintered materials
[German, 1996]. In the context of integral geometry, specific surface area is identical to the
second Minkowski functional [Ohser and Mücklich, 2000]. Recently, SSA was found to be a
monotonously decreasing parameter apart from volume fraction [Flin et al., 2004, Schneebeli
and Sokratov, 2004, Legagneux and Dominé, 2005, Taillandier et al., 2007] in the course of
snow metamorphism. This is in contrast to the traditionally used grain size, which has a nonmonotonous behaviour in the transition from new snow to rounded grain snow to depth hoar
[Colbeck et al., 1990]. Grenfell and Warren [1999] show that the ratio of volume to surface
area (i.e. the inverse of SSA) is the best estimator for grain size in modelling optics. The same
result but with a different optical theory is obtained by Kokhanovsky and Zege [2004]. The
air permeability of snow can be described using the Carman-Kozeny relation, which uses SSA
in developing the hydraulic diameter [Dullien, 1992]. Flanner and Zender [2006] use SSA to
parameterize snow albedo in the context of global climate models. The interactions between
the lower atmosphere and the snowpack is subject to extensive research and it is clear that the
chemical reactions which take place in the snowpack depend heavily on the available surface
i.e. on the SSA [Grannas et al., 2007]. SSA is therefore one of the key parameters in snow
physics and chemistry and a precise and unambiguous measurement is necessary.
The SSA of snow has been measured using various techniques, such as determining the
adsorption isotherm of nitrogen [Adamson and Dormant, 1966, Adamson et al., 1967, Jellinek
and Ibrahim, 1967, Hoff et al., 1998], or of methane at liquid nitrogen temperature [Chaix et al.,
1996, Legagneux et al., 2002, Dominé et al., 2007], via the grain size distribution [Granberg,
1985], with stereological measurements [Narita, 1971, Sommerfeld and Rocchio, 1993, Matzl ,
2006], geometrical analysis of images of single snowflakes [Fassnacht et al., 1999], optical and
electron microscopy [Dominé et al., 2001], and micro tomography [Flin et al., 2004, Schneebeli
and Sokratov, 2004].
Previously published data show considerable scatter, reported values range from 6 up to
77 700 cm2 g−1 . This is not surprising, because the SSA strongly depends on snow history and
snow type. In previous studies, snow history was not specified accurately; it is therefore almost
impossible to compare the data obtained with the different techniques. On the other hand,
an upper limit of SSA in natural snow covers may be estimated by considering the finest ice
structures reaching the ground, so called diamond dust [Grenfell and Warren, 1999]. These
atmospheric long hexagonal ice crystals can have an aspect ratio of 50:1, with a typical diameter
as small as 15 µm and a length of 750 µm. Based on this shape, we estimate a geometric SSA
of around 3 500 cm2 g−1 . However, some of the diamond dust was reported to be hollow, rising
the SSA further to values around 6 000 cm2 g−1 . Snow in a natural snow cover must clearly
have lower SSA, and this fact questions some of the early measurements which resulted in
far too high values. Legagneux et al. [2002] explain that very high SSA values obtained in
pioneer measurements using adsorption methods are due to the formation of amorphous ice
during an inadequate cooling procedure. During the last ten years, the reported snow SSA
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seemed to converge to values between 1600 cm2 g−1 and 20 cm2 g−1 , depending on the snow
type [e.g. Dominé et al., 2007, Chaix et al., 1996, Legagneux et al., 2002, Flin et al., 2004,
Schneebeli and Sokratov, 2004]. High SSAs are obtained on fresh snow whereas low SSAs are
generally measured on aged refrozen snows. Note that values greater than 1000 cm2 g−1 are
scarce. These measurements show that (i) SSA of snow varies over two orders of magnitude
and (ii) a conclusive statement concerning the precision and value of the different methods is
not possible without using identical snow samples.
Here, we compared – using identical snow samples – two of the previously cited methods,
namely adsorption of methane and X-ray Computed Micro-Tomography (µCT). Methane adsorption measurements followed by BET analysis [Brunauer et al., 1938] have been intensively
performed to assess this parameter and a large SSA dataset of natural snow was obtained using
this technique [e.g. Dominé et al., 2007, Legagneux et al., 2002]. µCT has also been successfully
employed in the last decade to investigate geometrical properties of the ice structure and the
pore space in snow [Coléou et al., 2001, Flin et al., 2004, Schneebeli and Sokratov, 2004]. These
techniques have also drastically different spatial resolutions. Methane adsorption measurement
allows the calculation of accessible surface area from the number of adsorbed molecules and
thus has a molecular resolution, whereas the used µCT reconstructs the spatial distribution of
ice and air with a voxel size of 10 µm, which means that, after filtering, structures of about
30 µm can be clearly resolved. By using two methods having such a different spatial resolution, we also want to address the question of the surface roughness of the ice surface of a snow
crystal and the presence of microstructures on its surface. If microstructures exist, the large
ratio between the resolutions of the two methods will lead to a disagreement of the measured
SSA.
The presence and the size of surface microstructure in high vapour pressure condensed matter, such as ice, is determined by thermodynamic and kinetic processes. Minimization of the
Free Energy reduces the overall surface area of the porous medium by sintering. On the contrary, continuous sublimation and resublimation of water molecules on the ice surface may
induce roughening of the surface and hence the formation of new nanosized structures on the
ice surface. The magnitude of such effects depends on the complex interplay of sublimation and
resublimation rates, surface and bulk diffusion [Xiao and Ming, 1994]. Additional complications occur, because at temperatures above about –20 ◦ C C, as typical for natural snow, the ice
surface is covered by a disordered surface region, which is often called premelt or quasi-liquid
layer [see Dash et al., 2006, and citations therein]. Because this layer is highly mobile, one
might speculate that its thickness defines the scale of the smallest structures on the ice surface.
At –5 ◦ C C, the thickness is of the order of 1 to 10 nm [Henson et al., 2005, Dash et al., 1995,
Lied et al., 1994], hence the smallest structures on the ice surface should be larger than this size.
Surface microstructures have been reported on natural snow by Rango et al. [1996] who presented scanning electron microscopy (SEM) images of rimed precipitation particles. Similar
microstructures have been seen by Dominé et al. [2003] with the same technique, but they explain some of them as artefacts due to the resublimation of humid air during the transfer of the
samples, which had been stored at liquid nitrogen temperature, into the SEM sample chamber.
Nonetheless, even if those observations were artefacts, they show that microstructures can easily form at low temperature. The existence of micro-and nanostructures may affect physical
processes, such as the growth of ice crystals [Libbrecht, 2005, and citations therein]. Also,
as microstructures would change the total surface area available for trace gas adsorption and
chemical reactions on the ice surface, microstructures may also affect the chemical properties
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Table 2.1: Sample characteristics and preparation methods for the different snow types together with the results.
ρweighed is the snow density calculated after weighing a known volume, whereas ρCT is the density calculated
from the segmented µCT 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 and Nr. µCT respectively. The given SSABET and SSAµCT represents the mean
values –measured by each method– for each snow type and the errors are “interblock errors ” (see Sect. 2.3).
The SSAType are the mean values of all measurements made on each snow with both methods. The given errors
are the corresponding standard deviations (1σ).
snow type

ICSSG

snow
history

ds
mI
mII
dh
ws

2a
3a(2a)
3a
5a2
6a

8 days @ –50 ◦ C C
14 days @ –17 ◦ C C
17 days @ –3 ◦ C C
field, not sieved
field, sieved

ρweighed
g cm−3
0.11
0.15
0.19
0.31
0.54

(±0.01)
(±0.01)
(±0.05)
(±0.02)
(±0.03)

ρCT
g cm−3

Nr.
BET

Nr.
µCT

SSABET
cm2 g−1

SSAµCT
cm2 g−1

SSAType
cm2 g−1

0.11 (±0.02)
0.13 (±0.01)
0.19 (±0.03)
0.31 (± 0.02)
0.56 (± 0.03)

4
5
5
5
3

11
13
12
14
9

616(±29)
346(±11)
270(±31)
93(±5)
49(±1)

665(±73)
420(±27)
291(±27)
91(±6)
48(±3)

642(±51)
381(±42)
282(±30)
92(±6)
48(±2)

of snow.
In this paper, we show that both methods coincide within 3% for SSA ranging from 50 to
700 cm2 g−1 . Therefore the physical concepts, on which the adsorption of methane and µCT
are based allow assessing the SSA of natural snow. It also shows that the low spatial resolution
of the tomograph compared to an adsorption measurement is enough to measure accurately
SSA of aged natural snow having an SSA lower than 700 cm2 g−1 . Moreover, it proves that
the ice surface of snow in the settled snow pack is smooth up to a scale of 30 µm under alpine
conditions.

2.2 Measurement Procedure
2.2.1 Sampling
We used five different natural snow types, covering the ranges 2–5 defined in the International
Classification for Seasonal Snow on the Ground (ICSSG) [Colbeck et al., 1990]. These are
expected to cover a broad range of SSA. Three types of snow, called ’decomposing snow’ (ds),
’metamorphosed I’ (mI), and ’metamorphosed II’ (mII), were prepared by sieving (in order to
avoid creation of inhomogeneities) fresh snow after precipitation into boxes. The boxes were
stored at different temperatures, allowing for isothermal metamorphism at different rates.
Details of storage are found in Table 2.1. Two more snow types were collected in the field just
before the measurements, denoted ’depth hoar’ (dh), and large grained ’wet snow’ (ws). The
dh snow was collected in blocks, while the ws was also sieved into boxes (10 mm grid) and
soaked with ice water to further reduce the SSA. These snow types ds, mI, mII, dh, and ws,
correspond to the ICSSG classes 2a, 3a/2a, 3a, 5a2 , and 6a, respectively (see Table 2.1). The
characteristic grain shapes, along with the real 3-D structures, of all five snow types are shown
in Fig. 2.1.
Natural snow covers exhibit density fluctuations and layering on a length scale of various
centimeters [Matzl and Schneebeli, 2006]. Since homogeneity of the snow used for sampling is
crucial for comparison of the two methods, we confirmed homogeneity for each block of snow
by means of a high resolution penetrometer [Schneebeli et al., 1999]. In the region of maximum
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Figure 2.1: Typical grain forms and corresponding 3-D-structures of the different snow types (from top to
bottom): decomposing snow, metamorphosed I, metamorphosed II, 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 grained (2.7×2.7×0.45 mm3 ) and coarse grained (5.4×5.4×0.9 mm3 ) snow types. The right column shows
a detail of the 3-D structure, i.e. the shaded lower left corner.
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homogeneity, 7 to 8 cores, each of 57.3 cm3 volume, were extracted by inserting sharp edged
Polyethyleneimine (PEI) sample holders into the snow and carefully removing the remaining
snow at the outside of the sample holders. After weighing each cylinder, five cylinders were
mounted in a specially designed stainless steel sample holder for the BET measurements, while
the remaining samples were directly scanned in the µCT.

2.2.2 Adsorption of methane
Analytical method
In this study, we used the apparatus already used by Bartels-Rausch et al. [2002, 2004]. The
adsorption method to determine the SSA of snow using methane has been described by Legagneux et al. [2002]. In short, a small amount of gaseous methane is filled into a defined volume
called introduction volume (Vi ). Methane is then expanded into the evacuated sample holder
kept at liquid nitrogen temperature, which contains the snow. The pressure drop, due to expansion of the gas into the sample holder and the methane adsorption on the snow surface
allows calculating the number of molecules which have adsorbed on the snow surface. This
number is calculated using the ideal gas equation. It is assessed from the difference in the gas
phase molar budget of methane before and after the expansion. An isotherm of adsorption is
obtained by increasing the pressure of methane over snow step by step.
Measurement protocol
All measurements were made according to a strict protocol as follows. i) The snow sample
is thermalized to liquid nitrogen temperature for at least 1 hour. ii) The air is very slowly
evacuated from the porous snow sample (≈5 mL min−1 ) using first a primary pump and
subsequently a turbo molecular pump. After around 30 minutes, high vacuum (≈10−2 Pa)
is established in the system. The vapour pressure of ice at liquid nitrogen temperature is
lower than 1.9×10−4 Pa [lowest value from Mauersberger and Krankowsky, 2003, at 164.5 K].
Hence, sublimation of ice due to pumping is insignificant. iii) The empty volume or dead
volume (Vd ) i.e. the volume not occupied by the snow sample is measured, at least three
times, by expanding Helium into the snow filled sample holder. Although the u-shaped gas
inlet is immersed into liquid nitrogen, the flow of helium was kept at a slow rate of 6×1016 3×1017 Molecules s−1 to avoid possible annealing of the snow sample due to the introduction
of warm gas. iv) The isotherm of adsorption was measured. Sixteen data points were recorded
by stepwise increasing the reduced pressure (Pn /P0 ) of methane over snow, where Pn is the
pressure of methane in the system after the nth expansion and P0 is the vapour pressure of
methane at liquid nitrogen temperature. v) Three desorption points were recorded to check
the reversibility of the adsorption.
Each isotherm obtained was processed by applying the BET model [Brunauer et al., 1938,
Legagneux et al., 2002, Gregg and Sing, 1982]. This model describes the adsorption of gases
in multimolecular layers. Assuming that an infinite number of layers is formed during the
adsorption process, the model leads to
1
C − 1 Pn
Pn /P0
=
+
,
Nadsn (1 − Pn /P0 )
NM C
NM C P0

(2.1)

where Nadsn is the number of molecules adsorbed per gram of snow after the nth methane
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injection, Pn is the pressure in the system, P0 is the vapour pressure of methane at liquid
nitrogen temperature, NM is the monolayer capacity (i.e. the total number of molecules that
can be adsorbed on a single layer) and C is the so called BET constant.

Error calculation
The reproducibility of the adsorption method using methane at liquid nitrogen temperature was
carefully checked by Legagneux et al. [2002] who measured an overall accuracy of 12%. We used
the same method and an apparatus practically identical to the one used by Legagneux et al.
[2002]. The overall accuracy of our measurements is therefore also of about 12%. Nonetheless,
in extension to the work done by Legagneux et al. [2002], we checked the “a-priori error” of the
method i.e. we evaluated the error on the measured SSA values resulting (i) from errors of the
experimental devices used for the analysis and (ii) from errors on the physico-chemical data
used for the evaluation of the adsorption isotherms. The details of the calculation are given in
appendix 2.A. As seen in equations (2.4) and (2.6), the SSA is obtained from the slope (S) and
the intercept (I) of the BET transform (Eq. (2.1)), and from the size of the methane molecule
on ice at liquid nitrogen temperature (aCH4 ). The error on the determination of the SSA is
therefore connected to those values. Figure 2.3 shows the evolution of the relative error on
SSA (∆SSA/SSA) as a function of the SSA. It can be seen that ∆SSA/SSA slightly increases
with the SSA. This observation is correlated with the fact that I and S decrease as the SSA
increases. Indeed, the relative error on I and S, ∆I/I and ∆S/S, respectively –which were
obtained from uncertainties while fitting the BET transform– increase as I and S decrease.
This results in an increase of ∆SSA/SSA with the SSA. On a first glance, this result may
look somehow surprising as, in general, for any measurement method, increased accuracy is
expected with a rise of the measured quantity. Indeed, when measuring the BET isotherm,
with a higher number of adsorbed molecules, the pressure difference can be more accurately
measured and the error on each data point of the isotherm will be smaller – after the same
number of injections – for a high SSA sample compared to a low SSA sample. However, as
explained before, the BET model (through the couple of variables I and S) is more deeply
involved in the SSA calculation and therefore in the error calculation. The steepness of the
BET transform seems to be a more important issue when considering the ‘’a-priori errors’ on
SSA.
The error on each data point of the isotherms was obtained from estimating the error propagation following the same method as the one used for calculating ∆SSA. The inherent errors
of the parameters involved when calculating the number of adsorbed molecules, and therefore
the BET transform (Eq.(2.1)), are given in table 2.2. The equation allowing calculating the
number of adsorbed molecule –in unit of molecules g−1 – from the pressure difference is similar
to the one given by Legagneux et al. [2002]. To allow an easy connection with the symbols
given in table 2.2 and the equation, it is recalled in appendix 2.A (Eq. (2.3)).
As seen in Fig. 2.2, due to the repetitive injections of methane “a-priori errors” on the data
points of the BET transform are increasing with rising methane pressure. In order to take this
increase into account when fitting the BET transform of the isotherm, each data point was
assigned a weight equal to the inverse of its own error.
The calculated “a-priori errors” (below 10%) are consistent with the one measured by Legagneux et al. [2002] (12%) (Fig. 2.3).
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Table 2.2: Parameters used for the analysis of the adsorption measurements together with their inherent errors.
Symbol
A
aCH4
I
mice
P0
Pn
Pn′
R
S
Tc
Thn
Th′ n
Vd
Veh
Vi

Quantity
Avogadro Number
Molecular area of CH4 adsorbed on ice
Intercept of the BET transform
Masse of the snow sample
Vapour Pressure of CH4 at Tc
Pressure in Vi after the nth injection
Pressure in Vi before the nth injection
Gas constant
Slope of the BET transform
Liquid Nitrogen temperature
Temperature of Vi after the nth injection
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[-]
[-]
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Fit of the experimental data
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0,1 Pa
IR
0,1 Pa
[-]
[-]
Fit of the experimental data
PCD & ED
0,2 K
IR
0,1 K
IR
0,1 K
Determined for each measurement
ED
9×10−7
ED
7×10−7

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

Figure 2.2: The BET transform (in black on the left axis), is derived from the isotherm of adsorption (in grey
on the right axis) [Brunauer et al., 1938]. The slope and the intercept of the linear part are used to calculate
the SSA [Legagneux et al., 2002].
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Figure 2.3: The “a-priori error” on the measured SSAs for the adsorption method strongly depends on uncertainties on the slope (S) and the intercept (I) of the BET transform (Eq. (2.1)). Those uncertainties, generated
while fitting the BET transform, increase as their values decrease, which results in an anti-correlation between
∆SSA/SSA and I and S.

Liquid Nitrogen Temperature
The measurements were done in Davos, Switzerland, where, due to the altitude, the atmospheric pressure in the laboratory was 828 (±4) hPa during the experiments. The boiling
point temperature of liquid nitrogen at this pressure was derived to be 75.7 (±0.2) K [Moussa
et al., 1966]. The vapour pressure of methane at 75.7 K was calculated to be 1030 (±2) Pa
[Lide, 2006].

2.2.3 Tomography
We used a modified Scanco µCT 80 desktop X-ray computer tomograph, with a microfocus Xray source emitting a white spectrum (45 kV acceleration voltage), to scan the snow samples.
A 180 ◦ C rotation of the sample was divided into 1000 steps. At each angular step, a 1024×128
CCD detector captured the absorption signal during an integration time of 250 ms, and averaged over two such intervals in order to reduce the noise. The apparatus resides in a cold
room at –15 ◦ C C. With this configuration, a complete scan with 408 slices took approximately
3 h. Along with each adsorption measurement, two or three tomograms were taken, with a
voxel size of 10 µm for the fine grained ds, mI, and mII snow types. This corresponds to the
maximum resolution of the µCT. For the much coarser dh and ws types a resolution of 18 µm
was chosen, since then a larger volume can be processed. After scanning, a subvolume was extracted from the reconstructed image. After filtering with a 3×3×3 median filter and a 3×3×3
3-D Gaussian kernel filter with a standard deviation of 1.2 voxels a volume of 600×600×400
voxels remains. Hence, the investigated volumes correspond to 144 mm3 and 839.81 mm3 for
a voxel size of respectively 10 and 18 µm, which can be considered representative for the whole
sample. This has been shown by Kaempfer et al. [2005] and Coléou et al. [2001], who found
that the elementary volumes, i.e. the minimal volumes which correctly represent the bulk snow
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Figure 2.4: 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 snow (ds) than
for depth hoar (dh). 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.

properties, are between 1.253 and 2.53 mm3 , depending on the snow coarseness. The volumes
we have used for the analysis are at least ten times larger.
To segment the images we considered the grey scale histograms of the tomograms. Figure 2.4
shows the histograms of all measurements of two snow types, decomposing snow and depth
hoar. One would expect two peaks, representing the two materials ice and air; while this is
true for depth hoar, the histogram for decomposing snow is dominated by the air peak. In
this case, the fine structure of the ds sample leads to many mixed voxels, i.e. voxels with
a grey scale value between that of ice and air, and it is difficult to find a threshold value
for segmentation. The optimum threshold was determined by fitting a sum of two Gaussian
curves to the grey scale histograms and calculating the intersection of the individual Gaussians
[Sonka et al., 1999]. This procedure minimizes the number of spurious voxels introduced in the
segmentation process. The optimum threshold was determined for each tomogram, and the
mean for each class was finally applied to segment the images. In Fig. 2.4, bars indicate the
variations around the mean optimum threshold for all measurements of a particular class. This
uncertainty in threshold finally leads to an uncertainty in the SSA, where the sensitivity of SSA
on threshold variations depends on the snow type and has to be determined experimentally .

2.3 Results
For each of the mI, mII, and dh types five blocks were investigated, whereas for ds and ws only
four and three blocks, respectively, were used. Thus, 22 adsorption measurements were made,
of which 15 were accompanied by three µCT scans, and the remaining seven by two, giving a
total of 59 µCT images.
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2.3.1 Adsorption of methane
The mean heat of adsorption (∆QCH4 ) can be used as a test for the reliability of the measurement [Legagneux et al., 2002, Dominé et al., 2007]. It is derived according to ∆QCH4 =RTc ln C,
using the BET constant C [Legagneux et al., 2002, Gregg and Sing, 1982]. From the whole
set of measurements, we found a mean value of 2680 (±200) J mol−1 . This value is in agreement with the one recommended by Dominé et al. [2007], who gives 2540 (±200) J mol−1 , and
confirms the reliability of our measurements.
As briefly mentioned by Legagneux et al. [2004], the adsorption of methane on the sample
holder walls leads to an artefact in the BET analysis. Dominé et al. [2007] explained that it
produces a systematic overestimation of the SSA but can be easily corrected by measuring
the adsorption isotherm on the wall of the sample holder. The amount of methane that adsorbed on the wall of the sample holder was quantified by blank measurements. We found that
0.278 (±0.001) m2 has to be subtracted from the measured total snow surface area to correct
for this artefact. In our case, the contribution of the wall makes up to 8 to 30% of the total
uptake of methane, the more important contribution occurring for coarse snow, which has a
low SSA.
This correction will also affect the measured heat of adsorption. Indeed, in the case of non corrected results, the given heat of adsorption convolutes the heat release related to adsorption on
the snow but that related to adsorption on the sample holder. The resulting heat of adsorption
is therefore a weighted average of the two contributions. We quantified the heat of adsorption
on the wall of our Polyethyleneimine/Stainless steel sample holder to be 1760 (±150) J mol−1 .
As already mentioned by Dominé et al. [2007], because the heat released due to the adsorption
on the wall of the sample holder is smaller than that released due to the adsorption on the
snow, the corrected value of ∆QCH4 is higher than the uncorrected. For a detailed description
of the significance of ∆QCH4 we invite the reader to refer to Chaix et al. [1996], Chaix and
Dominé [1997] and Legagneux et al. [2002]. The effect of wall adsorption on the ∆QCH4 value
is also explained in detail in Dominé et al. [2007].
All the SSA values given here are corrected for the adsorption on the wall of the sample
holder.
SSA values measured in this study range from 48(±1) to 656(±52) cm2 g−1 . As described
in section 2.2.2, the errors on each value were calculated from both the inherent errors of the
experimental apparatus and the errors on physico-chemical data. This specific type of error
was called “a-priori error”. The calculated mean SSA values for each snow type are given in
Table 2.1, where the cited errors are the standard deviations (1σ) of all measurements within
each snow type. This error was called “interblock error”.

2.3.2 Tomography
The SSA values determined by tomography ranged between 46 (±1) and 733 (±78) cm2 g−1 .
In contrast to the BET measurements, where one measurement was taken for one block of
snow, several measurements, using different subsamples, have been made for each snow block
(see Sect. 2.2.1). The error on SSA for one individual block is the standard deviation (1σ) of
the SSA determined from the different subsamples taken from one single block. This type of
error, and the average SSA, were called “intrablock error” and “intrablock SSA”, respectively,
and are compared to the adsorption results in Fig. 2.5. The summarized mean SSA values,
calculated from the average of all subsamples for each snow type are given in Table 2.1, where
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Figure 2.5: The correlation between adsorption measurements and tomography was found to be
SSAµCT =1.03(±0.03)SSABET . The plotted error bars given for the adsorption method were called “a-priori
errors” whereas the one given for tomography were called “intrablock errors” (see text for details). The data
point called “Precipitation” was not taken into account when calculating the correlation coefficient as explained
in Sect. 2.3.3. The results for the samples dh and ws are magnified in the insert, where the dash-dot line
represents the calculated correlation and the dot line, the 1:1 line.
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the cited errors are the “interblock errors” (defined in Sect. 2.3.1). For decomposing snow (ds
in Fig. 2.5), there is a wide variation among the different subsamples of each of the 4 blocks
(e.g. from 672 to 821 cm2 g−1 within one block). Note that in Fig. 2.5 the mean (intrablock) SSA
is shown, and the variation is expressed in the large error bars. Also, within one and the same
subsample, the SSA varies between 5% and 10% depending on the position of the investigated
subvolume. As Fig. 2.4 illustrates, the optimum threshold varies notably for the different
decomposing snow measurements, and, in addition, the SSA depends heavily on the threshold
for this type (≈0.10 cm2 g−1 per grey scale unit). Thus, each individual SSA measurement
for decomposing snow has an uncertainty of about ±57 cm2 g−1 due to the uncertainty in the
optimum threshold determination. In this light, the possible error introduced by the marching
cubes algorithm when extracting the surface [Flin et al., 2005] plays only a minor role. This
error appears as an artefact of digitization, and becomes only relevant when the resolution limit
is approached. For example, for a sphere of radius 5 our algorithm overestimates the specific
surface area by 3.4 %. We therefore assume that the segmentation process is much more critical
for the introduction of errors than the surface extraction. However, as this possibly systematic
error is smaller than the one estimated from the standard deviation, we chose the standard
deviation as error estimate.
On the other hand, the coarse types can be segmented with less ambiguity, thus yielding a sharply determined threshold, and are less sensitive to threshold variation (e.g. for ws,
≈0.002 cm2 g−1 per grey scale unit). Therefore, the uncertainty for ws measurements, for example, due to thresholding is only ±0.5 cm2 g−1 for each individual sample. Also, for all
other snow types other than decomposing snow, the spatial variation within one scan is less
pronounced, i.e. typically about 2%.

2.3.3 Comparison of data
The correlation between SSA values measured by adsorption of methane (SSABET ) and µCT
values (SSAµCT ) was found to be very good. Indeed, the slope of the correlation line, which is
shown on Fig. 2.5, was found to be SSAµCT =1.03(±0.03)SSABET . This result was obtained by
forcing the linear regression through the origin and assigning a weight to each data point equal
to the inverse of the product of the “intrablock errors” on SSAµCT and the “a-priori errors”
on SSABET . This procedure was motivated by the fact that the errors change with the SSA.
We note that the correlation is better for lower SSA, which is in agreement with the evolution
of the errors on measurements. Moreover, the obtained SSA values are consistent with most
recent measurements [Dominé et al., 2007] on comparable snow samples.
Albeit the correlation between both methods is very good, the small deviations may be
attributed to inherent errors of each method, which are discussed in the following paragraphs.
Concerning the adsorption measurements, two major sources of error are suspected.
i) The molecular area of methane (aCH4 ) was experimentally obtained from the molecular
area of nitrogen [Chaix et al., 1996]. Nonetheless, there is no absolute value of the molecular
area of a nitrogen molecule (aN2 ), when it is adsorbed on ice. This is mainly due to its
dependence on the nature of the surface, on which it is adsorbed. Therefore it cannot be
defined better than within ≈5–10% [Gregg and Sing, 1982]. Hence, the value for the molecular
surface area of methane used here (1.92×10−19 m2 ) also suffers from at least 5–10% uncertainty,
which will influence the calculation of SSA.
ii) An error of 1 K in the liquid nitrogen temperature determination will give rise to a
difference of ≈200 Pa in P0 at a temperature close to the boiling point of liquid nitrogen.
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From error propagation we estimate an error of about ≈3% in the SSA.
Regarding the µCT measurements, the three main sources of error are:
i) Setting the threshold value as discussed in Sect. 2.3.2.
ii) Air inclusions in the ice, which could lead to an overestimation of the SSA compared to
adsorption, since these pores are not accessible for methane during an adsorption measurement.
Analyzing the tomograms, the contribution of such inclusions to the total surface area was
found to be always lower than 0.6%, thus being negligible.
iii) Choosing a resolution, which is not sufficient to grasp the finest structures of the snow.
This would lead to an underestimation of SSA compared to adsorption. Since our values for the
finest investigated snow were even slightly above the adsorption values, it may be concluded
that structure sizes for this snow type are still of the same order of magnitude as the resolution
(10 µm voxel size, corresponding to roughly 30 µm resolution).
To check this hypothesis and to find a limit for the resolution, we gathered and immediately
measured solid precipitation, obtaining an adsorption value of 804(±64) and a tomography
value of 691(±36) cm2 g−1 . It indicates that precipitation particles still feature structures
below about 30 µm, which can be resolved by the gas adsorption method, but not with the
resolution of our µCT; we state therefore that for snow the resolution limit of this µCT is
approximately 700 cm2 g−1 . A theoretical upper limit is given by the SSA of 30 µm cubes,
i.e. 2000 cm2 g−1 ; however, the geometry and distribution of sizes in real structures reduces this
theoretical value. Therefore, no theoretical justification for our experimentally found upper
limit can be given. Note that this data point, denoted as “Precipitation” in Fig. 2.5, was not
included in the calculation of the correlation coefficient because the µCT value is probably too
low due to insufficient resolution.
Apart from the instrumental and analysis issues, also the sampling procedure could have induced artefacts. It is well known that a too small sample holder could compress the boundary
layer, or break away grains at the boundary. This would lead to an overestimation or underestimation, respectively, of the weighed density with respect to the density obtained from
segmented tomograms. Table 2.1 shows no significant systematic deviation, however.

2.4 Discussion
2.4.1 Comparison of methods
Previous studies of the SSA of presumably comparable samples using adsorption method and
computer tomography had provided results in the same order of magnitude. For example,
Dominé et al. [2007] measured, using adsorption of methane, the SSA of rounded grains ranging
from 382 to 118 cm2 g−1 with a mean value for the 32 samples of 206(±74) cm2 g−1 . Schneebeli
and Sokratov [2004] used similar snow for their experiments and measured SSAs of 122 and
218 cm2 g−1 .
However, as no direct comparison between both methods has ever been made, it is difficult
to assess the quality of methods to determine the SSA of snow. Here, we present the first direct
comparison of methods based on two different physical processes and find an agreement within
3% between the SSA values measured by adsorption of methane (SSABET ) and µCT (SSAµCT ),
for snow having an SSA below 700 cm2 g−1 . This shows that the adsorption of methane and
the absorption of X-ray light allow measuring reliably the SSA of snow. It also proves that
the data previously obtained using both methods do not suffer from artefacts, such as a lack
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of resolution or deeper issues, such as problems with physical concepts (e.g. the unknown size
of adsorbed methane molecules on the ice surface).
Nonetheless, we showed in Sect. 2.3.2, that for SSAs higher than around 700 cm2 g−1 , tomography underestimates SSA. Taillandier et al. [2007] parameterized the evolution of the SSA
of natural snow as a function of temperature for isothermal metamorphism or under a temperature gradient. If we use this parameterization, we can estimate that for snow having a SSA
of 1000 cm2 g−1 , it will take only 4, 9, 18 or 29 h under temperature gradient conditions at a
mean temperature of evolution of the snow layer of –5, –10, –15 and –20 ◦ C C, respectively, to
cross the limit of quantification of 700 cm2 g−1 . In the case of isothermal metamorphism, the
times are 7, 12, 19 or 28 h respectively for temperatures of –5, –10, –15 and –20 ◦ C C. This
shows that the time necessary to reduce the SSA to the limit of detection is short and that the
SSA of snow can already be measured successfully with the µCT one day after the precipitation under alpine conditions. Note that we arbitrarily chose 1000 cm2 g−1 for the calculation
because it is a typical high SSA value and because higher values are rare. Indeed, only 3%
of the 345 measurements gathered in Dominé et al. [2007] are greater than 1000 cm2 g−1 . In
summary, the above estimations show that the SSA of fresh snow rapidly, i.e. within one day,
drops into a regime accessible with our µCT. However, directly after precipitation, there is a
short time span where our µCT is not suited to measure the SSA of snow; this is true for 31
out of 64 fresh snow samples collected by Dominé et al. [2007]. It has to be emphasized that
this is not a problem of the tomographic method per se, because a better resolution 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 parameterisation on our snow samples. The SSA (SSAType ) obtained
on our ds snow sample was considered as the initial SSA and the times and temperatures given
in Table 2.1 were used in the parameterization. The calculated SSA values are 337 cm2 g−1 for
mI and 260 cm2 g−1 for mII. Those results agree within 12% and 8%, respectively, with the one,
which we measured, and show that the parameterization is consistent with our measurements
and that the times, to reach an SSA of 700 cm2 g−1 , given above are reasonable.

2.4.2 Time scales involved in surface smoothing
Our measurements not only show the coincidence between both methods, but also prove experimentally that our snow samples were smooth up to about 30 µm. Our aim in this section is to
estimate time scales involved in surface smoothing i.e. the life time of an asperity, of the size
of some 10 µm and less, on an ice surface. We do not pretend providing a model which can be
used to simulate the evolution of the snowpack but the provided equations can be successfully
used to estimate the evolution of the size of asperities –if they are present– while, for instance,
preparing or measuring snow samples.
Two mechanisms may be capable of smoothing the ice surface and therefore would explain
our experimental results: vapour transport due to the Kelvin effect [Flin et al., 2003, Legagneux
and Dominé, 2005], and surface diffusion. The latter process might be quite fast on the ice
surface due to the presence of a highly mobile surface layer, often called premelt layer or quasi
liquid layer [e.g. Dash et al., 2006].
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Figure 2.6: Characteristic time for the smoothing of an ice surface due to the Kelvin effect (straight lines) and
surface diffusion (dashed lines) as a function of the initial radius of the asperity.

Role of the Kelvin effect
To evaluate the role of the Kelvin effect in smoothing out an asperity, we consider a simple
configuration i.e.: a half sphere emerging from a flat surface. The higher water vapour pressure
above the curved surface as compared to the flat surface results in sublimation of the curved
asperity where the water vapour is transported away by gas phase diffusion. Even for such
a simple configuration, the kinetics of how the half sphere will sublimate would require a
numerical simulation. As such a calculation is far beyond the scope of this paper, we simplify
the geometry and neglect the flat surface where the half sphere rests. Considering only a flat
surface at an infinite distance from the half sphere, an analytical solution for this diffusion
problem can be obtained. The effect of a flat surface underneath the half sphere is an increase
of the pressure gradient, implying an increase of the diffusion flux. In this sense our estimation
yields an upper limit for the diffusion time. For the estimate, we assume that the radius
of the asperity –and therefore the water vapour flux from the evaporating asperity under
steady state conditions– is constant and that the asperity has disappeared when the amount
of water it contained has diffused away. A detailed explanation of the calculations is found
in the Appendix 2.B. The result of the estimate is shown in Fig. 2.6. The same calculation
was performed also considering two different ways of evolution of the radius (increase and
decrease) but as the three different considerations coincide very well [Kerbrat et al., 2007],
those calculations are not presented here.
Role of the surface diffusion
The effect of surface diffusion on the smoothing of asperities 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 surface diffusion constant Ds has been determined
in the past in a number of different experiments, but the results depend heavily on the method
and on the temperature range of the measurement [Mizuno and Hanafusa, 1987, Brown and
George, 1996, Livingston et al., 1997, Jung et al., 2004]. Here, we use the work of Mizuno and
Hanafusa [1987], since they measured the properties in the quasi liquid layer on a collection of
small ice beads at temperatures close to the melting point, which resembles the situation in
snow. Using NMR spectroscopy between –1.5 and –20 ◦ C C, they found an activation energy
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of Ea = 0.24 eV and a preexponential factor of D0 =8.43×10−9 m2 s−1 .
Using these assumptions, and the characteristic diffusion length of ∆x=(4Ds td )1/2 , we can
estimate the characteristic time td to distribute an asperity of radius R into a disc of thickness
d
R3
td =
.
(2.2)
6dDs
To estimate an upper limit for the timescale, we consider that the asperity is completely
smeared out when it has reached the thickness of the quasi-liquid layer. However, measurements of the thickness of the quasi-liquid layer are subject to discrepancies. The fact that the
techniques used to measure it are sensitive to different physical features of the quasi-liquid
layer could explain the differences [Huthwelker et al., 2006]. Several theoretical models related
to the quasi-liquid layer have also been developed [Dash et al., 2006], but the experimental
discrepancies prevent from easily deciding which model is the most appropriate. Moreover,
it has been shown theoretically that impurities [Wettlaufer, 1999] and curvature [Baker and
Dash, 1989] could affect the thickness of the quasi-liquid layer. Hence, the thickness of this
layer is not yet exactly established. In this paper our aim is only to evaluate the effect of
surface diffusion when flattening an ice surface. Thus, in the calculation, we use an order of
magnitude assumption for the quasi-liquid layer thickness, in agreement with published data.
Hence, in Fig. 2.6, the thickness of the quasi-liquid layer was set to 100 and 10 namometer
at –1 ◦ C C and –40 ◦ C C, respectively. For such thicknesses, the characteristic time for the
surface diffusion is 10 times higher, but becomes comparable to vapour diffusion for smaller
radii, where the size of the asperity is comparable to the mean free path and diffusion becomes
limited by molecular kinetics [Pruppacher and Klett, 1997].

2.4.3 Comparison of the estimate with the experimental observations
Figure 2.6 suggests that even at temperatures as low as –40 ◦ C C the ’smoothing’ of the surface
due to the Kelvin effect is very fast, and after a day structures of the size of several micrometers
can disappear. This estimate agrees with our measurements. Indeed, if we used Eq. (2.13) to
calculate the size of the asperities which would still be present on our ds sample which was
stored 8 days at –50 ◦ C C, we find that all asperities having a radius lower than 15 µm may
have sublimated. This radius corresponds to an asperity of a about 30 µm in size, which is the
resolution of the tomograph. As no asperities smaller than the resolution of the tomograph
may have “survived” –if they were present after the formation of the crystal– SSABET agrees
with SSAµCT on this decomposing snow sample.
In the case of the sample called ’Precipitation’ (see Sect. 2.3.3), the latter was measured
about one hour after the precipitation. The air temperature during sampling was ≈ -7 ◦ C
C. Using Eq. (2.13), we calculated that only asperities with a diameter of about 20 µm and
smaller would have had time to sublimate before the measurement. This means that on the
’Precipitation’ sample there possibly were still asperities which could not be resolved by the
tomograph and therefore SSABET was higher than SSAµCT .
The calculation also shows that during the scan of a sample, which takes 3 h and which is
made at –15 ◦ C C (see Sect. 2.2.3), all asperities with a diameter of ≈25 µm which may have
been present at the beginning of the scan will disappear during the measurement. As this value
is lower than the resolution of the tomograph, the changes occurring during the scan will not
affect the results. Note that in the case of an adsorption measurement, there is no evolution
of the sample during the measurement, as it is done at liquid nitrogen temperature.
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2.4.4 Remark concerning the smoothness on a molecular scale
We saw in the previous paragraphs that the surface of ice is very likely to be smooth on a
0 ) solid and
micrometer and nanometer scale. Nevertheless, ice is a high vapour pressure (Pice
in thermodynamic equilibrium, its surface is continuously bombarded with water molecules
0 v̄/(4k T ) with the mean thermal velocity v̄=(8k T /πM )1/2 , while the
with a rate of jkin =Pice
B
B
same flux of water molecules desorbs. In absence of surface diffusion on the ice surface, this
continuous exchange of molecules with the gas phase could lead to a molecularly rough surface.
However, driven by the minimization of the surface energy, the roughness will disappear, if
surface diffusion is fast enough. The interplay between absorption, desorption and diffusion is
complex and has been subject to molecular dynamics studies. Xiao and Ming [1994] studied
this interplay and found conditions for the molecules smoothness of surfaces. Based on their
work and using the activation energy of diffusion of Ea =0.24 eV [Mizuno and Hanafusa, 1987],
the ice surface should be also smooth on a molecular scale, as long as the ice does not grow.

2.4.5 Practical aspects
Both techniques are suitable to measure reliably the SSA of snow. The measurements require in
all cases a relatively constant temperature and A.C. power supply. For the adsorption method,
liquid nitrogen must be available, but the measurement can be done at room temperature and
does not require a cold laboratory contrary to the µCT. The application in the field is therefore
limited to sites with a relatively good infrastructure. As an alternative, µCT samples may be
cast in the field and quenched in iso octane or decane, for instance, to avoid any evolution of
the sample, and brought into a cold lab to be scanned. Snow for the adsorption method can
be sampled in the holder and stored in liquid nitrogen until the measurement.
The cost of investment to build an adsorption measurement device is far lower than a µCT
device but each measurement requires liquid nitrogen and single use sealing gaskets.
Nevertheless, it has to be pointed out here that for many purposes optical methods may be
more appropriate for field work. Matzl and Schneebeli [2006], for instance, use near infrared
photography to map the SSA of a snow pit wall, and Painter et al. [2007], using contact
spectroscopy, determine the optical grain size, which can be related to SSA.

2.4.6 Sampling volume, macroscale resolution and snow stratigraphy
Methane adsorption measures the smallest naturally occurring ice particles. Compared to
tomography, this independence of resolution is its largest advantage. However, snowpacks are
layered [Colbeck, 1991]. In fact, the traditional classification of snow layers underestimates
the vertical variation of snow properties substantially [Pielmeier and Schneebeli, 2003] . This
is also the case for SSA [Matzl and Schneebeli, 2006]. A high vertical spatial resolution is
therefore extremely important to understand the exchange processes in a natural snowpack.
Methane adsorption works only on a relatively large volume; in our measurements we used a
sampling volume of 286.5 cm3 , compared to 0.144 cm3 for tomography. Therefore it is difficult
to resolve the SSA of thin layers with methane adsorption, although Legagneux et al. [2002]
have reported to have done this by scraping a thin layer into their sample holder. The use
of methane adsorption measurements in simulations of real snowpacks must carefully consider
errors introduced by the large sampling volume. This is especially important when photon flux
and permeability are calculated.
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2.4.7 Atmospheric implications
Regarding atmospheric chemistry, the water vapour fluxes responsible for the smoothing of
the surface after the snow crystal has stopped growing may also influence the partitioning of
atmospheric trace gases between the gas and the adsorbed phase within and over the snow
pack. Indeed, on the first hand, trace gases which may have been trapped during the crystal
growth [Huthwelker, 1999, Kärcher and Basko, 2004], could be released during the surface
flattening. Such mechanism would lead to a transport of atmospheric gases from the higher
to the lower atmosphere. On the other hand, some could be trapped where ice is growing and
therefore would be removed from the gas phase also modifying the atmospheric composition
over the snowpack.

2.5 Conclusions
For the first time ever, we have compared the performance of two techniques to measure the
SSA of snow. Although the two techniques used are based on two different physical concepts,
the correlation factor between both methods was found to be 1.03(±0.03), for SSA values
ranging between 50 and 700 cm2 g−1 . The spatial resolution of the adsorption method is on
the molecular level, while the effective resolution of the µCT is about 30 µm. Thus, the very
good agreement between both measurements excludes the presence of micrometer or nanometer
sized surface structures – or if they are present they do not contribute significantly to the SSA
–, which would remain undetected with the µCT. Consequently, our measurements prove that
the ice surface in an alpine snow pack is smooth up to a scale of about 30 µm. Only for very
fresh snow, i.e. precipitation particles, we found a discrepancy between the measurements, and
therefore we cannot exclude microstructures for extremely fresh snow.
From simple estimations of the time scales for sublimation (Kelvin effect) and surface redistribution (diffusion in a quasi-liquid layer) of small asperities we draw the conclusion that
both processes are capable of smoothing the surface on a length scale of about 30 µm within
a few hours. This has also implications for the evolution of ice prepared in the laboratory for
heterogeneous chemistry experiments in that annealing leads to molecularly flat surface.
The absence of surface micro- and nanostructures is significant for the modelling in such
diverse fields as friction on snow, snow chemistry, snow optics, and snow metamorphism. In
modelling snow metamorphism, for example, a smooth surface allows to ignore all processes
which might occur on a scale smaller than a few micrometers.
Another very important implication of these results is that the reliability of the µCT in
capturing the geometry of aged snow is guaranteed. This fact is crucial for further investigations
to link physical properties with the geometry of snow, for which the µCT is an ideally suited
device. The adsorption method remains nonetheless more adapted to measure very fresh snow.
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2.A Equations for the analysis of the adsorption measurements
2.A.1 Number of adsorbed molecules
The number of molecules adsorbed on the ice surface after the nth injection of methane in unit
of molecules g−1 is given by
!
(
)

n
X
Pk′
Pk
Vd
Veh
A
−
− Pn
+
,
(2.3)
Nadsn = Vi
′
Thk
Thk
Thn
Tc
mice R
k=1

[Legagneux et al., 2002] where the signification of each symbol is given in table 2.2.

2.A.2 Error on the SSA
The specific surface area is obtained from the BET transform (see Fig. 2.2) and Eq. (2.1) and
is given by
SSA = NM × aCH4 .
(2.4)
The error on the SSA is therefore given by
∆SSA = SSA

∆aCH4
∆NM
+
NM
aCH4

!

,

(2.5)

where ∆NM result from error while fitting equation (2.1) to the BET transform. Having
NM =

1
,
S+I

(2.6)

where S and I are the slope and the intercept, respectively of the BET transform, ∆NM is
given by,
∆S ∆I
(2.7)
∆NM = 2 + 2 .
S
I

2.B Diffusion due to Kelvin effect
In this section, we present the equations to estimate the time it takes to evaporate a small
spherical particle due to the Kelvin effect, if the transport of vapour is limited by gas phase
diffusion. In the following paragraphs, we consider a semi-infinite environment, which means
that all quantities refer to a half sphere. We consider a particle sitting on a flat surface, which
is assumed not to interact with the gas phase. Under this assumption, and assuming steady
state diffusion, the water vapour pressure field over the half sphere may be approximated by
the solution of the diffusion equation in spherical symmetry which is:
p(r) = p∞ +
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r

(2.8)

2.B Diffusion due to Kelvin effect
The Kelvin effect states that over a convex surface the vapour pressure is higher than over a
flat surface, which provides the boundary conditions
 
C
p(R) = p∞ exp
,
(2.9)
R
2mH2 O σ
.
(2.10)
C=
kB T ρice

 
This determines the constant A=Rp∞ exp C
R −1 . In thermodynamic equilibrium, the diffusion away from the curved surface is given by Fick’s law, j=(D/kB T )(A/R2 ), which, upon
multiplication with the surface of a half sphere, gives the particle flux leaving the sphere


 
D
C
J(R) = 2π
Rp∞ exp
−1 .
(2.11)
kB T
R
Then, the rate of mass loss due to diffusion may be expressed as
dm
= −mH2 O J(R).
dt

(2.12)

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 equation (2.12) as
R2
γ


,
3 exp C
R −1
ρice kB T
γ=
.
mH2 O Dp∞

t=

(2.13)
(2.14)

The asperity is considered as disappeared when its total mass has been diffused.
The diffusion constant has been corrected for kinetic effects for very small spheres, as described in Pruppacher and Klett [1997].
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Bartels-Rausch, T., Guimbaud, C., Gäggeler, H. W., and Ammann, M.: The partitioning of
acetone to different types of ice and snow between 198 and 223 K, Geophys. Res. Lett., 31,
L16 110, doi:10.1029/2004GL020070, 2004.
Brown, D. E. and George, S. M.: Surface and Bulk Diffusion of H2 18 O on Single-Crystal H2 16 O
Ice Multilayers, J. Phys. Chem., 100, 15 460–15 469, 1996.
Brunauer, S., Emmett, P. H., and Teller, E.: Adsorption of gases in multimolecular layers, J.
Am. Chem. Soc., 60, 309–319, 1938.
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Dominé, F., Cabanes, A., Taillandier, A. S., and Legagneux, L.: Specific surface area of snow
samples determined by CH4 adsorption at 77 K and estimated by optical, microscopy and
scanning electron microscopy, Environ. Sci. Technol., 35, 771–780, 2001.
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Every solution breeds new problems.
Arthur Bloch

3
Breeding snow: an instrumented sample holder
for simultaneous tomographic and thermal
studies1
As shown in the previous chapter, µCT is a reliable tool to study snow microstructure. To
simulate natural thermal boundary conditions, a temperature controlled sample holder that
fits in the µCT is necessary. This chapter describes the design of the sample holder that was
used to apply alternating temperature gradients in Chapter 5.

Abstract
To study the recrystallization processes during temperature gradient metamorphism of snow, we developed a sample holder that allows applying well defined and
stable thermal gradients to a snow sample while it is scanned in an X-ray micro
tomograph. To this end, both the thermal insulation of the sample as well as image contrast and resolution of the tomography had to be optimized. We solved this
conflict by using thin aluminium cylinders in combination with highly insulating
foam. This design is light, does not corrupt image quality and provides very good
thermal decoupling from the environment. The sample holder was instrumented
to measure the effective conductivity of the snow sample and calibrated using five
materials of known conductivity. Finite element simulations were consistent with
the calibration mesurements and gave insight into the internal temperature and
heat flux fields. With this setup, geometric and thermal evolution of snow under
realistic thermal boundary conditions like alternating temperature gradients can
be measured.
1

Article re-submitted with minor revisions to Meas. Sci. Technol. by B. Pinzer and M. Schneebeli
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3.1 Introduction
The micro structure of snow changes rapidly due to evaporation-condensation processes when
temperature gradients are applied [Yosida, 1955, Marbouty, 1980]. This phenomenon is termed
temperature gradient metamorphism (TGM), and has to be attributed to the high vapor pressure of ice compared to other materials and the fact that snow is found at a high homologous
temperature (T /Tmelt ) under natural conditions. Typical maximal temperature gradients in
natural snow packs range from less than 10 K m−1 at the south pole [Brandt and Warren,
1997] to 300 K m−1 in the subarctic snow pack near Fairbanks, Alaska [Sturm et al., 1997]. In
an alpine snow cover, temperature gradients are usually below 50 K m−1 [Sturm et al., 1997],
but can exceed 400 K m−1 near the surface when solar radiation is deposited in the first few
centimeters [Birkeland et al., 1998]. The structural evolution induces changes in most material properties of snow: thermal conductivity [Sturm et al., 1997, Schneebeli and Sokratov,
2004], electromagnetic reflectance [Toure et al., 2008], mechanical strength [Schneebeli et al.,
1999, Schneebeli, 2004], permeability [Albert, 2002], and also the interaction with chemical
species in the atmosphere [Grannas et al., 2007] have been shown to be very sensitive to micro structure. Various efforts have been reported both to measure, understand, and predict
the microstructural evolution [Schneebeli and Sokratov, 2004, Flin et al., 2003] as well as to
link certain structural parameters to physical properties [e.g. Arons and Colbeck, 1995, and
references therein]. Given the abundance of snow and the associated large scale impact on the
earth system a deeper understanding of metamorphism and its influence on physical properties
is necessary.
Unfortunately, there is a lack of experimental data covering the temporal evolution of snow
at sufficient resolution to develop and test models for temperature gradient metamorphism.
Moreover, to link the influence of micro structure to bulk properties of snow it is important to
measure these properties while snow is passing different stages of metamorphism. Kaempfer
et al. [2005] showed that microstructural information from tomography can be used to simulate
the temperature distribution in the ice matrix and thus to investigate the role of the micro
structure determining the macroscopic effective thermal conductivity. Schneebeli and Sokratov
[2004] were the first to observe the evolution of snow under a temperature gradient directly
using computed micro tomography (µCT). A combination of these two techniques, with modeling on a microscopic basis and measurements of the macroscopic properties of snow, promises
new insights into snow metamophism.
To understand metamorphism in natural snow covers one has to acquire representative
datasets. It is vitally important to minimize thermal boundary effects due to a small snow
volume and to mimic as precisely as possible the daily cycle of radiative heating and cooling
that takes place in a real snow cover near the surface. The experimental setup must guarantee
that transient states do not lead to undesired finite size effects.
Here we describe the design of a sample holder that enables us to apply realistic boundary
conditions while monitoring macroscopic thermal conductivity and measuring simultaneously
the micro structure using µCT. The sample holder follows the idea of [Schneebeli and Sokratov, 2004], but enhances the insulation and the temperature control. In particular, controlling
actively the temperature of both ends with Peltier elements allows the application of more
stable thermal boundary conditions, with arbitrary temporal changes. First results illustrate
the usefulness of the ‘snow breeder’. Since complex porous systems generally react to temperature gradients, the described setup might not be limited to snow studies. For example, micro
structural investigations would be conceivable in the food industry [Goff, 2002].
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3.2 Design principles of the sample holder
The main restrictions on the sample holder were imposed by the tomographic equipment,
described in Section 3.3.3. Since the entire sample holder had to be rotated and moved in
the vertical direction by step motors, weight was a big concern. The sample chamber of the
µCT was shielded with a brass cage to minimize stray radiation. When the system X-raytube/sample-holder/CCD was focused to a voxel size of 18 µm, the radial extent of the sample
holder was limited to 35 mm by the cage. Since X-ray contrast between ice and air is already
weak, X-ray absorption properties of the materials had to be taken into account.
The weight constraint and X-ray absorption ruled out the use of thick metal parts with large
specific heat capacity for thermal shielding. A highly conducting material would be ideal to
serve as a “temperature guide” when gradients are applied. On the other hand, the space
constraint prevented the use of thick insulating material, without making the snow sample too
small.
To save weight and space, we combined the advantages of both approaches — highly conducting temperature guide and thermal insulation (Figure 3.1). Among metals, aluminium
has a high thermal conductivity of 250 W K−1 m−1 , but a low X-ray absorption coefficient of
0.37 cm2 g−1 at 50 keV (1.6 times the absorption of water, but only 14 % of copper) [Hubbell
and Seltzer, 1996]
The thermal shielding consisted of very thin aluminium cylinders separated by highly insulating open porous foam (WDS Ultra, Porextherm). The aluminium cylinders had a thickness
of approximately 150 µm and an outer diameter of 53 mm and 65.4 mm, respectively. They
were extracted from beverage cans, which come without any seam in the cylinder walls and are
thus rotationally symmetric. These temperature guides surrounded the snow sample and were
attached to 15 mm thick aluminium temperature distribution plates on both ends. Peltier
elements on the end of the distribution plates were used to heat or cool. Owing to the good
thermal conductivity of the distribution plates they provided well defined temperature boundary conditions at the top and the bottom of the snow sample. Passive heat exchangers removed
or supplied, respectively, the heat for operation of the Peltier elements. The bottom heat exchanger also served for mounting the sample holder in the µCT.

3.3 Components of experimental setup
The experimental setup was divided into three functional blocks: 1) the temperature control,
providing stable constant or sinusoidal boundary condition, 2) the measurement of the temperature gradient across the snow sample as well as the heat fluxes, and 3) the µCT time
lapse scans. A diagram illustrating the sensor locations and data flow is shown in Figure
3.2. A general problem was the electrical signal transmission between the sample holder and
controller/logger, which amounts to eight separated lines both on the top and the bottom
end. The low temperature inside the µCT (controllable between -1◦ C and -20◦ C) leads to very
brittle cables. During a µCT scan the sample holder repeatedly carries out a full rotation and
reverts to the original position, thus bending the cables with a small radius of curvature. After
several rotation cycles the cables broke and the contact was lost. On the bottom, we could
resolve this problem by using an axial slip ring. On the top, experiments showed that a spiral
cable supported by a vertical boom was the best solution to minimize cable breakage. A slip
ring with a horizontal brush was tested, but the directional forces exerted on the sample holder
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Figure 3.1: Design of the snow breeder. The combination of aluminium cylinders and insulating foam surrounding the snow sample ensures good thermal decoupling from the environment with minimal influence on
the CT image quality.

temperature controlled
CT sample chamber
RS−232

PID

peltier element

PT1000
heat flux
thermistors
sensors

CR10

RS−232

PT1000

RS−232

PID

peltier element

Figure 3.2: Block diagram showing schematically the sensor locations and data flow. On the left side, there
are two programmable PID controllers connected to Peltier elements to set the steady or cyclic temperatures
on the top and bottom heat distribution plates. The Peltier elements are colored red and blue to indicate
heating and cooling. Inserted into the distribution plates there are PT1000 thermal resistors to measure the
temperature feedback. The second part (right hand side) consists of a Campbell Scientific CR10 datalogger
to record the actual temperatures and the heat fluxes on top and below the snow column. The sample (white
area) is insulated laterally by aluminium and microporous foam, indicated by the light blue areas. The entire
snowbreeder rests inside the temperature controlled sample chamber of the µCT.
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resulted in a precession of the rotation axis. A non-constant rotation axis led to artifacts in
the raw images and completely destroyed the reconstructed µCT images.

3.3.1 Temperature control
For temperature control we used two PID controllers (TC0806, Cooltronic) with a PC communication interface. The temperature feedback came from PT1000 sensors placed in the heat
distribution plates, 2.5 mm away from the Peltier elements (see Figure 3.2). The short distance
leaded to a short time constant for the controller settings, resulting in a more stable temperature control. The heat exchangers on the Peltier elements had very different heat capacities,
since the bottom heat exchanger also served as mount for the µCT (see Figure 3.1) and was
therefore connected to the body of the µCT. Choosing the time constant of the top controller
to be 4 times smaller than that of the bottom controller resulted in a stable system. The
system reacted with a time constant of about 5 minutes (see Section 3.5), so we set the differential part to zero (thus actually using a PI controller), and weighted the integral part most.
The passive heat exchanger on the top Peltier element is the limiting factor for the maximum
cooling power of this element: restricting the power to 4 W to avoid overloading the cables we
can cool the top end only by about 3◦ C below ambient temperature. This is sufficient since for
a temperature gradient of 100 K m−1 in a 20 mm high snow sample a temperature difference
of 2 K must be set.
Both PIDs can be programmed such that the set temperature is shifted according to a sine
curve with arbitrary amplitude and a period between 0 and about 7 days in minute intervals.
In practice, the above restrictions for the maximal cooling power also apply for the sinusoidal
temperatures.

3.3.2 Measurement of κeff
Apart from providing well controlled thermal boundary conditions, the sample holder was
instrumented such that the temporal evolution of the thermal conductivity of the sample
could be monitored. By definition, κeff is the proportionality constant between macroscopic
thermal flux q and temperature gradient ∇T ,
κeff =

q
.
∇T

(3.1)

Both on the bottom and at the top of the snow column a heat flux sensor (Hukseflux PU 22
series) measured the macroscopic flux, and thermistors within the flux sensors (BetaTHERM
1K2MBD23033) gave the temperature difference across the snow column (see arrows in Figure
3.2 denoted ‘heat flux sensors’ and ‘thermistors’). The expected accuracy of the flux sensors
according to the manufacturer was given by ±5 % at 20◦ C, with increasing uncertainty for lower
or higher temperatures (0.17 % per ◦ C). The thermistors were accurate to ±0.2◦ C, but the most
critical quantity was the difference between the two sensors. Using the information from the
flux sensors when brought into thermal contact, the two thermistors could be calibrated to
show a zero difference when the flux was zero. This way an accuracy in temperature difference
of ±0.1◦ C was possible. We used a Campbell Scientific CR10 data logger to read out every
second the values of the flux sensors and the thermistors inside the flux sensors. A five minute
average and the standard deviation was then written to a file.

53

Chapter 3: Breeding snow

3.3.3 Time lapse tomography
We used a slightly modified Scanco µCT80 tomograph for the measurements, as described
in Schneebeli and Sokratov [2004]. The equipment incorporates a microfocus X-ray source,
operated at 30–70 kV acceleration voltage. The sample is scanned in a cone beam configuration, with 1000 projections per 180◦ in high resolution setting. The integration time for one
projection is adjustable, typical values are 300–600 ms. The maximum nominal resolution of
the device is 10 µm voxel size. The scanner resided in a cold room that could be cooled down
to -20◦ C. Using a temperature controlled fan speed regulation in combination with the laboratory temperature, the temperature inside the sample chamber of the µCT could be adjusted
between -1◦ C and -20◦ C. Using a desktop device in a cold room had considerable advantages
compared to micro tomography at a synchrotron facility, most notably the availability for one
experiment over several weeks that makes long-term studies possible. In addition, the delicate
snow samples could only be handled inside a cold room. The smaller resolution of desktop
devices is not a problem for snow investigations [Kerbrat et al., 2008].
Although the snow sample in the snowbreeder had a diameter of 53 mm, we restricted the
field of view of the µCT scanner to the innermost 36 mm — a technique known as subsampling
(Figure 3.3). Basically, this amounts to ignoring the structure outside the field of view, which
has the effect of an additional (homogeneous) background in the signal. Subsampling would
not be possible if the sample holder was not cylindrically symmetric. A seam or any other
inhomogeneity in the aluminium cylinders would introduce large artifacts. However, inhomogeneities in the surrounding snow (between the scanned subvolume and the bounding sample
holder) are mostly averaged out along the X-ray path, and the remaining inhomogeneity results in slight artifacts at the outer diameter of the subvolume. With this technique, a nominal
resolution of 18 µm (voxel size) was achieved, without the necessity to use a small sample
which would enforce thermal boundary effects. 18 µm gives a sufficient resolution for the snow
types of interest [Kerbrat et al., 2008]. For evaluation and visualization, cubes of side length
5.4 mm were extracted from the scanned subvolume by avoiding these regions.
Because an absolute reference for the z-position is required to measure the mass redistribution within the snow sample by comparing two subsequent images, a positon control was
added to the system. The weight of the sample holder (693 g without sample) reduced the
repeatability of z-positioning. In practice, the uncertainty between subsequent scans could be
as high as ± 270 µm (±15 voxel). The accuracy of the position measurement was ±5 µm,
which was sufficient to correct at the scale of 1 voxel.

3.4 Calibration
To calibrate the κeff measurements we filled the snow breeder with five different reference materials and logged the flux and temperature values during several hours. The reference materials
had been chosen to cover the range from 0.029 up to 0.632 W K−1 m−1 , since thermal conductivity of natural snow is usually in this range [Sturm et al., 1997]. For each reference material,
exact values of κ at several temperatures were determined using a calibrated standard needle
probe (KD2 Pro, Decagon Devices). The temperature dependence was used to interpolate to
the mean temperature that was set in the snow breeder (Table 3.1), although the temperature
dependence was not very pronounced (always smaller than 0.5 % per degree Celcius). The
reproducibility error at a 99 % confidence level (3σ) of the conductivity measurements with
the needle probe was always less than ±1.2 %, but the specification of the needle probe gave
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Material

T [◦ C ]

Tair [◦ C ]

plasticine
wax
silica sand
lightweight plasticine
polystyrene

-2.43
-2.05
-2.18
-2.14
-1.98

-5.0
-1.1
-5.36
-1.54
-1.2

κreference [ W K−1 m−1 ]
0.63
0.22
0.23
0.12
0.029

(±0.03)
(±0.01)
(±0.01)
(±0.01)
(±0.001)

κsb [ W K−1 m−1 ]
0.45
0.27
0.26
0.15
0.037

(±0.06)
(±0.03)
(±0.03)
(±0.01)
(±0.004)

Table 3.1: Reference materials used for calibration compared to the snow breeder values. T is the temperature at
which the snow breeder values were measured. The reference values were determined using several measurements
at different temperatures with a calibrated needle probe and interpolating to the correct T. The error value for
the needle probe corresponds to ±5 % as given by the manufacturer, and the error for the snow breeder values
was calculated from the accuracies of the sensors (see text).

an expected accuracy of ±5 %. We chose to use this as an a priori error. The thermal conductivity in the snow breeder was determined according to Equation 3.1, and therefore the
error was calculated using error propagation. The specification of the heat
√ flux sensors gave
◦
an expected accuracy of ±8.7 % at -2 C, which was reduced by a factor of 2 due to averaging
the top and the bottom value. As mentioned in Section 3.3.2, the temperature difference was
measured to an accuracy of ±0.1◦ C. The height of the sample was given by the setup and
could be confirmed using a radiography in the µCT chamber. The error in the temperature
gradient was thus dominated by the error in temperature difference. Table 3.1 summarizes
the reference measurements and the snow breeder measurements. In Figure 3.4, we show the
correspondence between the reference materials and the κeff values determined with the snow
breeder. The deviations in the correlation graph (Figure 3.4 and Table 3.1) are larger than
could be explained by the a-priori errors and must be attributed to systematic errors due to the
measurement setup. The relative deviations are on the order of 20 %, for polystyrene with its
very low thermal conductivity even almost 28 %. Great care was taken of the thermal contact
with the heat flux sensor and the sample (heat conduction paste was applied to both sides
of the samples). Therefore, a contact problem between heat flux plate and material is not
probable, but could have a minor influence. Heat conducting paste has a lower conductivity
value than plasticine, and therefore the conductivity could be slightly underestimated. A more
plausible explanation for the low value will be discussed in Section 3.5
However, given the small size of the sample and therefore the expected boundary effects,
Figure 3.4 shows a good correlation. In order to combine thermal measurements with µCT
scans, an expected systematic error of 20 % is acceptable. What is more important is the fact
that in the lower range (κsb < 0.4 W K−1 m−1 ) the error really seems systematic. This means
that a change in the sample properties over time will be reflected in the measured κeff correctly,
even if prone to an absolute error of 20 %. Most seasonal snow types are in this conductivity
range, higher values are related to high densities of more than 400 kg m−3 [Sturm et al., 1997].
The change in snow thermal conductivity due to temperature gradients can be more than 30 %
[Schneebeli, 2004].
In principle the ambient air temperature could have influenced the measured flux values,
since convective heat transfer took place at the outside wall of the sample holder. The ambient
air temperature is therefore also given in Table 3.1. In Section 3.5, we analyze the influence of
ambient air in more detail.
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Material
aluminium†
flux sensor‡
microporous foam
typical snow
ice §
†

κ [ W K−1 m−1 ]

C [J kg−1 K−1 ]

ρ [kg m−3 ]

237
0.25
0.018
0.2
2.30

903
1700
800
1962
1962

2702
1200
170
200
917

‡

Incropera and DeWitt [2002],

‡

data sheet,

§

Petrenko and Whitworth [1999]

Table 3.2: Material properties used for the finite element simulations.

3.5 Finite element simulation
To understand the heat flux inside the sample holder and to see if the design principles stated
in Section 3.2 worked as expected, we simulated the experimental situation. We used the finite
element program ANSYS (ANSYS Inc., version 11.0) to model the temperature distribution
inside the sample holder and thus to predict the sensor outputs under the same boundary
conditions as in a real experiment. To this end, we implemented a rotationally symmetric solid
model, reflecting all parts shown in Figure 3.1, so that the sensor readings could be extracted
at the locations of the sensors in the experiment (see Figure 3.6). The fact that the Peltier
elements had a square base area was not considered critical, as the heat distribution plates
with their high thermal conductivity easily compensate for any irregularity in heat supply.
Also, the contact between the different components was assumed to be perfect. The material
properties were taken from Table 3.2. The boundary conditions, i.e. defined temperatures
on the top and bottom heat distribution plates, were implemented in the model by fixing the
temperature in the corresponding nodes.
The weakness in this approach is that we did not know exactly the wind field generated
by the fans inside the µCT. This wind field determined the convective losses at the outside
of the sample holder, and thus influenced the fluxes measured on the bottom and top of the
snow column. However, a sensitivity study revealed that the convection coefficient had only a
minor impact on the flux values, mostly because Tair was very close to the temperatures inside
the sample holder: for values between 0–2000 W m−2 K−1 , the individual fluxes changed only
marginally (10 %), with an almost constant mean. Therefore, we (arbitrarily) set the coefficient
to a realistic value of 400 W m−2 K−1 . If the ambient temperature Tair was exactly in between
the top and bottom temperature, then the simulated fluxes on the top and on the bottom
were equal (by symmetry). When Tair changed, top and bottom fluxes would separate, but the
mean value was constant. Therefore, the mean flux value was chosen to enter Equation 3.1,
and mean fluxes are compared to experimental values below.
The predicted sensor outputs of the simulation matched the experiment quite closely, as
shown in Figure 3.5. Obviously, the temperature predictions were good, which is expected
because of the proximity to the Dirichlet boundary conditions, but the simulated heat flux
(mean between top and bottom) deviated from the measurements by an order of 30 %. Both
the top and the bottom heat flux were systematically too low. This could not be adjusted by
fitting the convection coefficient, since the main effect of an increased convection coefficient
was a spreading of the fluxes, i.e. one increased and the other decreased. The discrepancy
rather reflects the fact that the complex interactions between the materials were hard to model
realistically. In particular, the perfect contact between the sample and the cylinder walls was
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unrealistic, in practice there was always a fraction of sample surface that was separated from
the cylinder wall or the heat flux sensor by a little air gap. The heat flux was very sensitive
to such irregularities. For example, an increase of the κreference used in the simulation by 20 %
brought the simulated results in line with the experimental values. This example suggests that
a realistic modeling of the material boundaries could improve the predictions. This is, however,
beyond the scope of this paper, since the qualitative field configuration is not sensitive to such
minor changes.
Therefore, we conclude that the model can be used to investigate qualitative properties of
the snow breeder, like the general configuration of the isotherms and the flux lines (Figure
3.6). This gives valuable insight into the internal distribution of temperatures and fluxes,
which cannot be measured otherwise.
To see whether the design principles stated in Section 3.2 work as expected we examined a
steady state simulation of the snow breeder. In particular, we showed that the combination
of temperature guides and insulating foam provide very good boundary conditions. Figure
3.6 qualitatively demonstrates that most of the heat flux goes through the aluminium cans,
providing enough heat flux to balance the convective losses. The flux vectors in the snow
sample mainly point into z-direction, and the isotherms are almost straight lines. Only the
combination of insulating foam and conducting aluminium can achieve this effect with a 6.2 mm
thick insulation that conserves X-ray contrast between ice and air.
An important property of the snow breeder is the behavior under transient conditions,
expressed in the response time of the setup to balance an external perturbation. Figure 3.7
shows that the response time of the snow breeder is of the order of 5 minutes. Therefore, a
transient sine curve with a period of 24 hours can be considered as a quasi steady boundary
condition. Moreover, due to the temperature guide function of the aluminium cans, a sudden
change in temperature does not result in large horizontal gradients, because the fluctuation
propagates faster in the bounding cans.
The left graph in Figure 3.7 shows the transient temperatures at two different locations,
the sensor location inside the heat flux plate (marked in Figure 3.6) and the snow surface.
The difference indicates that even in steady state the measurements slightly overestimated the
temperature gradient on the snow surface, since there is a finite temperature drop across the
flux sensor in which the thermistor is embedded. However, we also overestimated the flux
through the snow because of the nonzero horizontal losses. Since κeff is the ratio of both,
we see from Figure 3.4 that both effects almost cancel when calculating κeff . For high values
of κeff , the overestimation of temperature becomes more important, and the calculated snow
breeder value will be too low. This is the reason for the plasticine value being too low. For a
range of κeff < 0.4 W K−1 m−1 , which covers usually alpine snow, this plays only a minor role.
While the effect of overestimating the temperature difference could be easily corrected (we
know the thermal conductivity of the heat flux plates and therefore the temperature drop across
the plates), the overestimation of the flux is nonlinear and cannot be described analytically.

3.6 First results
Since the main goal of the presented setup is the investigation of sinusoidal daily temperature
cycles, we applied such a temperature field. Figure 3.8 shows the resulting temperature and
flux values at the top and the bottom of the snow column. The measured fluxes were stable
and followed the same curve as the forced boundary conditions. Subtracting a fitted sine
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curve from the measured values, we can determine the fluctuations of the remaining signal. A
measure of signal quality is the signal-to-noise ratio (SNR), according to the formula


dynamic range
SNR = 20 log 10
.
(3.2)
standard deviation
For the first 30 hours shown in Figure 3.8, we obtain SNR values of 27.5, 25.2, 26.3, and
27.5 dB for Ttop , Tbottom , qtop , and qbottom , respectively. This can be considered a very good
value. To determine κeff one has to restrict the time interval to avoid the zones where the
temperature curves intersect (t = n × 12 h, n = 0, 1, 2, · · · ), to avoid a division by zero.
The result of tomographic imaging is shown in Figure 3.9. The signal-to-noise ratio of the
image was also determined according to Equation 3.2 to be 23.4 dB. This can be compared
to typical values of SNR of snow scans without insulation and subsampling. Using the same
scanner settings and a similar snow type, we obtained a SNR of 24.4 dB. This proves that the
effects of the aluminium cans and the subsampling process on the image quality are small.
To segment the image, we applied a gaussian filter (σ = 1.2, support= 2) and determined a
threshold according to the method of Rosin [Rosin, 2001]. The resulting three-dimensional
visualization is shown in Figure 3.10.

3.7 Conclusions
We combined the insulating effect of highly porous foam with the large heat conduction of
aluminium cans to develop a sample holder for µCT measurements that provides well defined
thermal boundary conditions without consuming much space or destroying image quality. We
are now in a position to conduct long term experiments with steady and sinusoidal temperature
gradients and simultaneously monitor the structural as well as the thermal evolution of the
sample. This approach promises completely new insights into the coupled heat and mass
tranport processes during temperature gradient metamorphism.
Using five well characterized reference materials we showed that the expected accuracy of
our thermal measurements is about 20 %, which is acceptable considering the small size of
the sample and thus the expected influence of boundary effects. More important, there is no
systematic dependence of the error on the value of thermal conductivity, and therefore changes
in thermal conductivity can be clearly detected.
Using a finite element model, we simulated the experiments and found good agreement with
the measured values. Deviations of the simulation from the experiment have to be attributed
to the fact that, contrary to the model, in the experiments thermal contact between sample
and sample holder is imperfect. Taking into account imperfect contact as a fitting parameter
would certainly increase the quality of the model. However, the model was well suited to get
insight into the temperature and flux distribution inside the snow breeder, which could not be
measured otherwise.
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Figure 3.3: Relationship between the snow sample, scanned subvolume, and the typical size of a structurally
analyzed subvolume. ‘Snow sample’ denotes the amount of snow that is placed inside the snow breeder. By
means of subsampling, only the innermost 36 mm of the sample are scanned with the µCT, to increase resolution
to 18 µm. A typical representative elementary volume (REV) to calculate structural parameters like specific
surface area is indicated by the (5.4 mm)3 cubes. The REV depends on the coarseness of the structure.
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Figure 3.4: Correlation between reference materials and the conductivity determined with the snow breeder
according to Equation 3.1 (symbols). The line indicates the conductivity that was obtained by putting the
predicted sensor readings from the finite element simulation (Section 3.5) into Equation 3.1. The snowbreeder
values do not deviate by more than 25 % from the reference materials, except for the extremely low polystyrene
and the high plasticine (28 %).
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Figure 3.5: Simulations (open symbols) of the calibration measurements (filled symbols). The temperature
readings of the thermistors are predicted quite accurately, while the flux measurements deviate by up to 30 %.
These deviations probably result from the imperfect modelling, since the flux is very sensitive to the quality of
a contact between adjacent materials.

Figure 3.6: Simulated temperature distribution (left) and heat flux (right) at steady state. For the flux vectors,
only half of the sample holder is shown for clarity. The sample holder provides a high heat flux around the
snow sample such that losses and outside fluctuations do not impact the snow sample. This is reflected in the
almost straight isotherms and the downward pointing (parallel to z-axis) flux vectors in the snow sample (color
online).
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T in °C

Figure 3.7: Simulated transient behaviour of the snow breeder filled with a typical snow sample. The temperature
vs. time (left) for two different locations in the snow breeder is plotted: at the location of the temperature
sensors (see Figure 3.6) and at the snow surface. The difference is discussed in the text. The spatial temperature
distribution (right) in the transient regime, after 1.2 minutes as indicated by the line in the right graph, shows
that the distortion of the isotherms is very small. The response time to reach a steady state is on the order of
5 minutes (color online).
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Figure 3.8: Five minute averages of measured temperatures and heat fluxes at the top and at the bottom of
the snow sample. “Top” and “bottom” refer to the sensor locations as shown in Figure 3.6. Both sides of the
sample were temperature controlled.
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Figure 3.9: Raw reconstructed µCT signal (left) and result of processing (right). The dimensions of the displayed
images are (5.4 mm)2 , and the signal-to-noise ratio of the raw data is 23.4 dB

Figure 3.10: Three-dimensional reconstruction of the snow sample.
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You could not step twice into the same river;
for other waters are ever flowing on to you.
Heraclitus

4
Dynamics of temperature gradient snow
metamorphism1
In this chapter, I use data collected with a precursor of the snow breeder (Chapter 3) under a
constant temperature gradient to show that snow is not static, but a highly dynamic material
that is constantly dissolved and rebuilt. Or following Heraclitus: You could not ski twice the
same slope, for other snow is ever under you.

Abstract
Differences in water vapour concentration, caused by temperature gradients, are the
driving force for temperature gradient snow metamorphism [Yosida, 1955, Sturm
and Benson, 1997]. Metamorphism changes the physical and chemical properties of snow, with implications on climate [Flanner and Zender, 2006, Kawamura
et al., 2007], atmospheric chemistry [Grannas et al., 2007], and avalanche formation [Schweizer et al., 2003]. In a continuum approach, vapour flux due to an
external gradient has been described by an effective diffusion coefficient Deff that
incorporates the effects of transport from one ice grain to another [Yosida, 1955].
Deff in snow is assumed to be about 4–5 times higher than in air [Colbeck, 1993,
Sokratov and Maeno, 2000]. The large vapour flux changes the geometry of the ice
structure, but it is not clear how; observations of grain growth suggest a coarsening by sublimation of small grains and incorporation of the mass in larger grains
[Sturm and Benson, 1997], similar to Ostwald ripening. There is an inconsistency
between the continuous high vapour flux and the relatively slow coarsening process. Here we show that the ice growth cannot be described by coarsening, but
that metamorphosing snow is a highly dynamic population of structural elements
that are continuously dissolved and rebuilt. Using time-lapse X-ray tomography
1

The material of this chapter has been slightly revised and submitted to Journal of Geophysical Research by B.
Pinzer, M. Schneebeli and T. U. Kaempfer under the title “Direct observation and simulation of the dynamics
of dry snow metamorphism under a high temperature gradient using time-lapse micro- tomography”.
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[Pinzer and Schneebeli, 2009a, Kerbrat et al., 2008], we found that the mean residence time of all ice crystals is only a few days at a temperature gradient of
50 K m−1 . Averaged over a representative volume, the vapour diffusion coefficient
in snow is equal to the diffusion coefficient in air, independent of microstructure.
This proves that the concept of diffusion enhancement is wrong, a fact that was
already anticipated theoretically [Giddings and LaChapelle, 1962]. If the temperature gradient is known, the diffusion coefficient in air allows to calculate precisely
the vapour flux. The very short residence time of the crystals shows that there
is only grain-to-grain vapour transport, resolving the contradiction between the
postulated layer-to-layer and grain-to-grain vapour transport[Sturm and Benson,
1997, Lehning et al., 2002]. Chemical processes, isotopic fractionation, and microstructural development in snow can now be understood on a solid experimental
base.

4.1 Dynamics of temperature gradient snow metamorphism
Snow consists of sintered ice crystals and is at a high homologous temperature under terrestrial
conditions. The high temperature, combined with the high vapour pressure compared to other
materials, causes rapid growth and sintering by vapour diffusion. Therefore, snow on the
ground should not be considered a loose granular but rather a porous material [Flin et al., 2003,
Schneebeli and Sokratov, 2004]. The naturally occurring temperature gradient in a snowpack
causes a vapour pressure gradient in the pore space, which induces changes in morphology
and physical properties of snow. These changes are summarized as temperature gradient (TG)
snow metamorphism. Specific surface area usually decreases during snow metamorphism and
thus reduces the albedo [Domine et al., 2007]. Moreover, atmospheric chemistry is strongly
influenced by the snow catalyzing photoreactive processes [Dominé and Shepson, 2002] and the
available surface area is highly relevant to these exchange processes. Snow avalanches are a
significant hazard for ski resorts and backcountry skiers. Avalanches are initiated by a fracture
in a structurally weak zone within the snowpack [Heierli et al., 2008]. The formation of a weak
zone is favoured by the structural changes induced during TG metamorphism.
The process of TG snow metamorphism is poorly understood. Crystal growth [Marbouty,
1980] and sintering [Baunach et al., 2001] are based on empirical approximations. Current
snowpack simulation models parameterize these processes based on few experiments [Bartelt
and Lehning, 2002, Miller et al., 2003]. The most important process for structural changes
is vapour mass flux [Kaempfer and Plapp, 2009], but there are large contradictions between
measured macroscopic mass fluxes and the observed changes in grain growth [Satyawali, 2000].
The measured effective vapour diffusion coefficients Deff are higher than in air, up to a factor
of 4 to 5 [Yosida, 1955, Sokratov and Maeno, 2000, Satyawali, 2000]. However, a theoretical
approach shows that Deff cannot be larger than in air [Giddings and LaChapelle, 1962]. Until
now this theory is not accepted because hand-to-hand models, considering isolated source
and sink grains [Colbeck, 1993, Sommerfeld, 1983, Gubler, 1985], predict locally an enhanced
vapour flux.
Traditionally, grain growth rates as well as transport rates have been calculated from measurements of grain size evolution by sieving and from measured δD and δ 18O fractionation of
snow layers [Sturm and Benson, 1997]. The calculated grain-to-grain growth rate ranges from
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Figure 4.1: Evolution of vapour flux in snow with time. Straight lines: flux j calculated from continuum
theory, ignoring all microstructure and considering snow as a continuum with the diffusion constant of air. Lines:
flux jPIV measured by particle image velocimetry. Symbols: flux jFE calculated by numerically solving for the
vapour pressure gradients in the microstructure. The data of the three series are shown, each with different
initial porosity and grain size. The vapour flux depends on both absolute temperature and temperature gradient,
but is independent of porosity and microstructure. The large scatter in the flux jPIV is caused by noise in the
z-positioning of the sample holder in the CT. The flux jFE is calculated for each time step separately.

1 to 11×10−12 kg s−1 , and the inter-particle vapour flux averages to 0.24–0.9×10−7 kg m2 s−1
during winter. The postulated inter-particle flux, responsible for grain growth, was four to ten
times smaller than the layer-to-layer vapour flux calculated from density changes. This large
discrepancy between grain growth rate and effective vapour transport required the introduction of an unknown process. The explanation was that part of the vapour mass flux bypasses
the ice matrix and does not take part in the hand-to-hand vapour transport [Lehning et al.,
2002].
We observed the changes of the snow structure in an instrumented sample holder [Schneebeli
and Sokratov, 2004] by using X-ray microtomography every 8 hours (details given in Methods
and Supplementary Information). The sample holder was temperature controlled and a temperature gradient could be set along the vertical z-axis. A theoretical continuum vapour flux
j was calculated according to Ficks law,
j = −mH2 O D

∂ce
,
∂z

(4.1)

where D is the diffusion coefficient for water vapour in air, evaluated at the mean temperature

67

Chapter 4: Dynamics of temperature gradient snow metamorphism
of the experiment [Massman, 1998], and ce is the equilibrium water vapour concentration at
saturation over ice, taken at the local temperature [Koop et al., 2000], and mH2 O is the mass
of a water molecule. The vapour flux was also determined experimentally by two independent
techniques (see Methods): First, jPIV was computed by particle image velocimetry (PIV), measuring the structural displacement between two subsequent images. Second, jFE was deduced
from a finite element simulation of the local temperature distribution within the snow and
assuming water vapor saturation at the ice-air interfaces.
The theoretical value j, the estimate by PIV jPIV and the numerical solution jFE agree
to within 10 % (Fig. 1), without using any fitting parameter. This let us conclude that the
effective vapour diffusion coefficient Deff for our snow samples was equal to the diffusivity
in air. The existence of enhanced diffusion caused by the hand-to-hand transport [Colbeck,
1993, Gubler, 1985] must be rejected. Moreover, the fluxes remain constant throughout time,
despite the dramatic structural changes. Deff is thus not influenced by the microstructure as
was previously expected [Sokratov and Maeno, 2000, Flin et al., 2003, Satyawali, 2000]. Our
experiments confirm the theoretical hypotheses and conclusions by Giddings and LaChapelle
[1962] and we suspect them to be quite generally applicable for snow.
But how can we explain the difference in grain growth and vapour flux? Using time-lapse
tomography, the growth and sublimation of the ice structure can be visualized. The mass flux
from the warmer to the colder ice surfaces causes an apparent movement of the ice structure
along the temperature gradient (Fig. 2a and 2b, animation in Supplementary Information).
The period of 8 h for the time-lapse tomography was sufficiently high to calculate precisely the
residence time of each ice voxel. The residence time is the time from the moment of deposition
until sublimation (Fig. 2c). The population of ice voxels must first age. After about 224 h,
the distribution of the residence time has reached a first quasi steady-state. An exponential
function for the ice fraction fi
fi (t) = f0 e−t/τ
(4.2)
fits the measured distributions very well, with e-folding times τ on the order of 2 to 3 days
(Fig. 3). The residence time of ice structures is therefore very short, and the increase in
size is not a coarsening like Ostwald ripening, but an effect of population dynamics. The
process of continuous sublimation and deposition causes a slow structural increase in size,
probably because the larger a structure, the higher its probability to reside longer in a randomly
fluctuating temperature field. The increase of the e-folding time τ from about 50 h to 67 h is
caused by the appearance of larger, and preferentially vertically oriented, structures.
Note however that sublimation-deposition does not necessarily minimize specific surface area,
as shows our series 3. In fact, the constant vapour mass flux describes only the flux in the
pores, but does not quantify the volume of phase changes in a unit volume. For this, we define
the turnover rate
1 ∆m
,
(4.3)
R=
V ∆t
where ∆m is the relocated mass between two images, ∆t the difference in time, and V the
volume. In the measurements, we found that the turnover rate R is proportional to the
number of ice structures per unit length, S.N. S.N evolves depending on the microstructure,
temperature and temperature gradient and so does R (Fig. 4). We suspect R to be decisive
for many chemical processes, as it determines the release and burial of chemicals Dominé and
Rauzy [2004]. The turnover rate is up to 60 % per day of the total ice mass for our moderate
temperature gradients.
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Figure 4.2: Time-series illustrating the sublimation-deposition process and residence time of ice.
a and b) Snapshots of the ice structures (3.6 x 0.9 x 3.6 mm3 ) of series 2 at the same position, with a period of
24 h (a) at the begin of the experiment, with a period of 48 h (b) at the end of the experiment. c) The crystal
residence-time for series 2 after the first stable population of 224 h where more than 98 % of ice voxels have
sublimated at least once, after 448 h, and after 665 h. The dynamic evolution of the ice structure is shown as
a movie in Movie-S1 (Supplementary Material).
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Figure 4.3: Probability of ice residence time during temperature gradient metamorphism. The
probability of residence time for series 2 follows an exponential probability density function (r2 ¿ 0.95 for all
times). The mean residence time slowly increases, but is always a fraction of the total experimental time.
After the experiment, each ice molecule has changed on average 13 times from the solid to vapour phase and
vice-versa.
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Figure 4.4: Volumetric turnover rate of ice sublimation and deposition. Series 1 and 2 show a decrease of
the volumetric turnover rate, while Series 3 slightly increases. Series 3 has the highest ice fraction and starts with
an already low specific surface area when compared to the other series. This shows that temperature gradient
metamorphism can be more intense at high ice fraction, in contrast to conclusions based on grain growth. The
average daily turnover amounts to 121, 130, and 190 kg m-3 d-1 for series 1, 2, and 3, corresponding to 47, 43,
and 61 % of the total ice mass. These numbers show the same tendency as the independently measured average
residence time.
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Our measurements and simulations bring the concepts of grain-to-grain and layer-to-layer
vapour transport in line: they are the same and identical process, but traditionally, the grain-tograin transport was calculated based on a misguided model conception. The effective diffusion
coefficient in snow is independent of the microstructure and the vapour flux is only determined
by the imposed temperature gradient; it can therefore be calculated precisely. The volumetric
turnover rate is dependent on the microstructure, but can be estimated to about a factor
of two without direct measurement. Based on these data, a physically consistent model of
temperature gradient metamorphism can be developed.
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Snow preparation. The snow was collected in the field. Series 1 was sieved (1.4 mm sieve)
into the sample holder. Series 2 and 3 were undisturbed samples, extracted horizontally from
a natural snow pack.
Experimental Procedure. The sample holder was described elsewhere [Schneebeli and Sokratov, 2004]. The sample was heated at the bottom and passively cooled at the top. The samples
had a diameter of 51 mm and a height between 18 and 21.3 mm, depending on the thickness
of an ice plate that was put below the sample. A Scanco µCT80 computed X-ray microtomograph (µCT) was programmed to scan the samples every 8 hours. The resolution was
25 µm for experiment 1 and 18 µm for series 1 and 2.
Image Processing of CT data. The reconstructed µCT images were filtered with a Gaussian
filter (1.0 standard deviation, support ±2) and a threshold for segmentation was determined by
matching the volumetric density of the binary image to the gravimetric density of the sample.
A subvolume of 300×300×198 voxels was evaluated for series 1 (corresponding to 278 mm3 )
and series 2 (corresponding to 103 mm3 ), and 504×504×198 voxels (293 mm3 ) for series 3. The
structural parameters calculated from the binary images were the specific surface area SSA
and the structure number S.N. SSA is defined as the ice-air surface area per ice volume, where
the surface was extracted by a marching cubes algorithm. S.N is the number of ice structure
intersections per unit length.
Spatial correlations of subsequent µCT scans. Residence time: The difference between two
subsequent images shows sublimated and deposited voxels. Applied to a series of images,
labeling yields a distribution of residence times, i.e., the time that elapses between deposition
and sublimation of a voxel. A reliable distribution is obtained when 98 % of all voxels have
been turned over at least once. For series 2, this is the case after 224 hours.
Structural displacement and mass flux: Spatial correlations of similar, but displaced images
can be measured with particle image velocimetry (PIV) (Fig. S-1), known in fluid dynamics
to track the motion of tracer particles in fluids. A displacement vector ∆ = (∆x, ∆y, ∆z) is
assigned to each voxel in the structure by maximizing the local correlation. The window size
and the temporal distance between the scans have to be optimized. Fixing the window size is
a trade-off between spatial resolution and smoothness of the displacement vector field. Based
on convergence tests, the optimal size of the window was 32 voxels, and this excluded any size
effect. Deciding on the temporal separation ∆t of scans is a trade-off between good signal size
and good spatial correlations. The signal, i.e. the displacement field, increases when 16 or
24 hours are between the µCT scans. However, the shape of the structures changes over time,
so that the correlation decreases. We chose 16 hours difference for series 1 and 2, and 8 hours
for series 3, corresponding to every second µCT scan. Knowing the displacement field, the
vapour flux per slice is calculated according to jz = nρice ∆z/∆t, where n is the ice fraction
in the slice and ρice is ice density. jPIV is the average over all slices.
Microscopic temperature simulations and mass flux. Growth rates during snow metamorphism are slow with respect to the timescale for heat and mass diffusion [Kaempfer and Plapp,
2009, Libbrecht, 2005]. It is thus reasonable to assume that the temperature and water vapour
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concentration fields are near steady state in the ice and the pore space. For a given µCT image,
we convert the snow voxels to eight node brick finite elements and solve numerically for the
equilibrium temperature distribution in the ice-pore network by assigning heat conductivities
of ice and air to finite elements representing the ice and the pore space, respectively. We set
the boundary conditions as in the experiments with insulations at the sidewalls (homogeneous
Neumann) and a vertical temperature gradient, defined by fixed temperatures at the bottom
and top nodes (Dirichlet). The thermal conductivities for ice and air were 2.34 W K−1 m−1
and 0.024 W K−1 m−1 , corresponding to values at -15◦ C. Between -15◦ C and 0◦ C, the thermal
conductivity for air rises by 4 %, while for ice it drops by 5 % [Sturm et al., 1997, Slack, 1980].
The resulting error is less than 5 %.
Once the temperature distribution is known, the water vapour concentration field could be
calculated by solving a second Laplace equation. Assuming that the vapour exchange is diffusion limited, the boundary condition consists in setting the vapour pressure above the ice
surfaces to the equilibrium vapour pressure. Curvature effects on the vapour pressure can be
neglected since they are small compared to effects due to temperature differences. A further
observation allowed us to circumvent the numerical solution of these equations: Since the temperature difference across a pore is very small (assuming a large pore of 1.4 mm diameter and an
average temperature gradient of 50 K m−1 , the temperature difference is 0.07◦ C), the deviation
from linearity of the equilibrium vapour pressure is on the order of 5×10−4 %. Therefore, using
c(x, y, z) = ce (T (x, y, z)) fulfils the Laplace equation to a very good approximation. Therefore,
the concentration gradient in z-direction is obtained by
!
∂ce
c
e
∂T
−
∇Tz ,
(4.4)
∇cz =
kB T
kB T 2
where kB is Boltzmanns constant, T is the temperature, and the subscript z for the gradients
denotes their projection onto the z-axis. The mass flux then follows from Fick’s law jz =
−D∇cz , where ∇cz is the mean concentration gradient along z in a slice perpendicular to the
macroscopic temperature gradient (Fig. S-2). jFE is the average over all slices.
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Table 4.1: Experimental conditions and structural evolution of the snow

Series No.

T

∇T

n

SSA0

SSAf

S.N0

S.Nf

1
2
3

-8.1
-7.6
-3.4

46
55
49

0.28
0.32
0.34

24
20
14

15
13
16

3.48
4.0
2.6

2.25
2.0
2.7

T : mean temperature of sample [◦ C ], ∇T : temperature gradient [ K m−1 ], n: solid volume fraction,
SSA0 and SSAf : specific surface area at the beginning and end of the experiments [mm−1 ], S.N0
and S.Nf : number of ice structures per length [mm−1 ]. Series 3 shows an 11 % increase in number
of structures, probably due to the high growth rate.

Figure 4.5: Illustration of the PIV method in 2 dimensions. Image 2 is shifted by 2 pixels down and to the
left of image 1. The filled dot represents the same coordinates in each image. Within a small window the best
correlation, expressed in a minimum of the quadratic deviation of the two windows, is searched. The open box
represents the window center where the best correlation is found. The increase of quadratic deviation when
moving away from the open symbol is shown in panel 3.
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Figure 4.6: Visualization of the temperature distribution and temperature gradient for one slice of series 2,
at t = 320 h. The diffusion flux is directly proportional to the gradient, therefore zones with large diffusion
rate can be clearly identified. Note that the boundary condition was a gradient of 50 K m−1 . Locally, gradient
enhancement can be observed, but on a macroscopic scale this has no influence.
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Change is inevitable. Change is constant.
Benjamin Disraeli

5
Observation of unconventional snow
metamorphism due to a temperature gradient
with alternating sign1
The logical next step after the investigation of constant temperature gradients (Chapter 4) is
the application of alternating temperature gradients, since these are often found near the snow
surface. The snow breeder (Chapter 3) has been used to conduct these experiments.

Abstract
Snow photochemistry influences the chemistry of the lower atmosphere. The exchange between snow cover and the atmosphere depends on the microstructure of
snow, which undergoes continuous changes due to vapor diffusion. Near the surface, metamorphism is driven by temperature gradients with alternating sign. No
experiments using temperature gradients with alternating sign exist. Here we show
experimentally that sinusoidal temperature gradients larger than 80 K m−1 with a
daily cycle result in round structures, and unexpectedly no faceting occurs. By using time-lapse X-ray tomography, ice recrystallization rates as high as 60 % of the
total ice mass during 12 hours were found. This increases the active surface of snow
by a factor 200, which is not accounted for in current models of snow chemistry
and snow mechanics.

5.1 Article
The photochemistry of snow has received considerable attention since the discovery that polar boundary layer chemistry can be dominated by emissions of reaction products from snow
1

The material in this chapter was shortened and published by B. Pinzer and M. Schneebeli, “Snow metamorphism under alternating temperature gradients: Morphology and recrystallization in surface snow”, Geophys.
Res. Lett., Amer Geophysical Union, 2009, 36, L23503
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[Grannas et al., 2007]. Modeling the interactions between snow cover and atmosphere from
first principles is far from being realized. Major difficulties include incomplete understanding
of snow chemistry and air-snow exchanges, the chemistry in quasi-liquid layers, and chemistry
in ice grains [Grannas et al., 2007]. Physical properties of snow as specific surface area, density, light penetration depth, and diffusivity play an important role for chemical interactions
[Domine et al., 2008]. Since snow on the ground is not in thermodynamic equilibrium, it undergoes continuous structural changes, affecting all material properties. The mechanism for
the structural changes, termed metamorphism, is water vapor diffusion through the pore space
due to concentration gradients, either induced by differences in curvature [Colbeck, 1980] or
by differences in temperature. Continued sublimation and condensation during metamorphism
are likely to release or trap species. An increased uptake of HNO3 [Ullerstam and Abbatt, 2005]
and mercury [Douglas et al., 2008] was demonstrated under non-equilibrium conditions. The
partitioning of HCl between gas phase and ice has a maximum at a growth rate of about
5 × 1016 molecules cm−2 s−1 [Dominé and Rauzy, 2004, Huthwelker et al., 2006]. Therefore,
knowledge about the recrystallization rate in snow is important for estimating its impact on
snow chemistry.
Temperature gradients are very common in natural snow covers [Sturm et al., 1997, Dadic
et al., 2008]. Heat stored in the ground and geothermal heating provide a continuous heat
flow from the base layer of snow to the atmosphere. Lower atmospheric temperatures and
radiative cooling generally lead to a colder surface. Vapor pressure differences, induced by the
temperature gradients, result in continuous local sublimation from warmer ice surfaces, followed
by vapor diffusion and deposition on colder ice surfaces. This “hand-to-hand” transport of
water vapor from one grain to another [Yosida, 1955] is responsible for significant changes in the
snow structure [Yosida, 1955, Marbouty, 1980]. The current theory of dry snow metamorphism
[Colbeck, 1983, Colbeck et al., 1990] recognizes two processes responsible for metamorphism:
equi-temperature metamorphism (ETM) and temperature gradient metamorphism (TGM).
While the former class is well described as a coarsening process which follows the principles of
Ostwald ripening [Legagneux et al., 2004, Kaempfer and Schneebeli, 2007], there is currently
only a qualitative understanding of the structural changes during TGM. Models for TGM
[Arons and Colbeck, 1995] focus on geometrical aspects of grain arrangements, but do not take
into account the three-dimensional distribution of ice mass.
Near the snow surface, where chemical interactions with the atmospheric boundary layer
take place, the sign of the temperature gradient in the snowpack often changes. Measurements
in Greenland [Dadic et al., 2008] and in alpine snowpacks [Birkeland et al., 1998] have shown
that daily cycles or radiative heating and cooling lead to an inversion of the temperature
gradient in the topmost 20 cm. In Antarctica, daily variations of temperature near the surface
also exist but are less pronounced [Brandt and Warren, 1997].
Despite the ubiquity of alternating temperature gradients near the surface, their effects on
mass transport and crystal morphology have neither been discussed nor experimentally investigated to date. Therefore, we perfomed laboratory experiments with high (>80 K m−1 )
alternating gradients following a sinusoidal 24 h cycle (Fig. 5.1). The entire setup was placed
in an X-ray micro computer tomograph (µCT) to monitor the structural evolution. Sinusoidal temperatures with different sign were imposed at the top and the bottom of a small
snow column, and the resulting gradient induced a heat flux that followed the cycle immediately. The experiment was repeated three times with different snow samples (see Sec. 5.2 and
Table 5.1). Grain photographs and tomograms documented the structural evolution of the
samples (Fig. 5.2).
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Table 5.1: Characteristics of the different experiments.

name

ρ
( kg m−3 )

∇T
( K m−1 )

T
(◦ C)

duration
(d)

SSAinit/SSAfinal
(mm−1 )

I.Thinit
(µm)

I.Spinit
(µm)

s1
s2
s3

127
245
180

± 89.4
± 87.0
± 127.8

-10.5
-2.3
-2.3

14.6
14.6
15.0

43.0/25.7
23.2/19.7
37.1/28.0

68
132
82

301
262
239

ρ: snow density, ∇T : amplitude of sine gradient, T : mean temperature in snow sample,
SSAinit/SSAfinal : initial and final specific surface area, I.Thinit : initial mean ice thickness, I.Spinit:
initial ice separation (pore thickness)

It is generally assumed that the morphology of the snow grains uniquely reflects the metamorphic process that was active. ETM produces rounded grains since the driving force is the
minimization of free surface energy [Colbeck, 1980], while TGM produces faceted snow crystals
due to high growth rates. A critical gradient that marks the onset of faceted growth, on the order of 10–20 K m−1 was observed in the field [Colbeck, 1987], and similar results were obtained
with growth experiments of single crystals in the laboratory [Colbeck, 1985], supporting the
notion of a critical temperature gradient. In addition, Colbeck [Colbeck, 1985] found a faceted
equilibrium form below -10◦ C. These complex morphological regimes are usually attributed
to surface kinetic effects at the ice-air interface [Colbeck, 1987]. However, formation of facets
was observed at low growth rates with a gradient of 3 K m−1 after 3 weeks [Flin and Brzoska,
2008], and even under isothermal conditions [Dominé et al., 2003]. These findings contradict
the notion of a critical gradient. Also, in none of our experiments the typical morphological characteristics of TGM developed, although the temperature gradient was high. The most
striking feature in Fig. 5.2 is the lack of facets despite the high peak gradient of ±89 K m−1 . Due
to the sinusoidal form of the temperature gradient the peak value was only acting for a short
time, but the previously observed threshold value of 20 K m−1 for faceted growth was exceeded
during 86 % of the time. The grain forms were classified as equi-temperature snow [Colbeck
et al., 1990]. The conjecture that alternating temperature gradients produce rounded snow is
supported by the observation that the prevailing grain form near the snow surface is “small
rounded” or equi-temperature snow. Consequently, many field observations that characterize
the snow cover profile will misinterpret the process leading to this grain shapes. Connecting
rounded forms to high gradient metamorphism is a new step towards the understanding of
metamorphism.
To view this highly dynamic metamorphic form as equi-temperature snow is particularly
wrong when mass redistribution is considered. Time-lapse tomography allows to correlate
subsequent images to extract information about sublimating and growing surfaces. Since water
vapor sublimates on the warm side of structures and is deposited on their cold side, they
apparently move along the temperature gradient, i.e. towards the warmer side (see Movie S1
in online material). In fact, this movement is due to the diffusion of water vapor. Analyzing
the apparent displacement of the structure during the 6 h interval between µCT scans yields
the mean water vapor flux. This displacement has been measured by shifting the structure
in the subsequent image to maximize the local correlation within a small window (particle
image velocimetry or PIV, see online material for details) for experiment s3 and is shown in
Figure 5.3C. As expected, the vapor mass flux follows the imposed temperature gradient. The
generally accepted notion of diffusion enhancement [Yosida, 1955, Colbeck, 1993] assumes that
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the effective diffusion constant in snow is about 5 times larger than in air. In Fig. 5.3C, the
mean mass flux measured by PIV is compared to a continuum model that used Dair as effective
diffusion constant, i.e. ignoring diffusion enhancement. The measured massflux by PIV is still
below the modeled mass flux. Since the mean displacement per time step is around 2 voxels, a
partial volume effect accounts for an underestimation of the mass flux of 25 %. The window size
of 32 voxels also underestimates the displacement: if the structure within the window changes
its shape then locally higher fluxes may be overlooked by the PIV method. An underestimation
by a factor of ten, which would be necessary to confirm the concept of diffusion enhancement,
can be excluded. This is in line with the theoretical arguments [Giddings and LaChapelle, 1962]
indicating that the effective vapor diffusion coefficient in snow cannot be larger than in air.
A displacement of 36 µm (2 voxels) during 6 h, corresponding to the flux shown in Figure 5.3,
means a growth rate of roughly 5 monolayers of ice per second or 5.1× 1019 molecules cm−2 s−1 .
The mean growth velocity was 1.6 × 10−9 m s−1 .
The continuous diffusion of water mass is mediated by the hand-to-hand mechanism, from
one ice grain to the neighbouring grain. During the period ∆t between two µCT scans, a
certain amount of mass ∆m changes phase from ice to vapor and is relocated by diffusion and
deposition. We define the mass turnover rate R within a representative macrosocopic volume
V by
1 ∆m
.
(5.1)
R=
V ∆t
While the massflux indicates the amount of mass that enters and leaves the macroscopic
volume V on the top and bottom face, the turnover rate R contains information about the
recrystallization within the volume V and is therefore influenced by the microstructure. More
precisely, the more elementary “hand-to-hand” events are involved, the higher the turnover rate
will be. R is measured by subtracting subsequent µCT images (see Materials and Methods).
The mass turnover (Fig. 3 B) in our experiments was very high, between 2.0 and 3.5 g m−3 s−1 ,
which was not expected from the equi-temperature like morphology. Taking an average value of
2.5 g m−3 s−1 , this rate corresponds to a total daily turnover of RTGM =216 kg m−3 — divided
into one upward movement and one backward movement. Taking into account the density of
experiment s3 of 180 kg m−3 , this means that during one half cycle of 12 h about 60 % of the ice
mass was relocated. A similar figure for ETM is difficult to measure, but recently observations
of grain growth during ETM over one year were reported [Kaempfer and Schneebeli, 2007].
This allows an order of magnitude estimation of the mass turnover in ETM. Modeling the snow
as mono-disperse collection of spheres of the mean radius for each measurement and assuming
that the density remains constant between two measurements, then an increase of radius from
r1 to r2 implies a mass relocation per unit volume of
δm
= ǫ(1 − r13 /r23 )ρice ,
V

(5.2)

where ǫ is the ice fraction and ρice the density of ice. Typical values at -1.9◦ C and ice fraction
ǫ = 0.22 [Kaempfer and Schneebeli, 2007] are r1 = 110 µm and r2 = 125 µm in 1000 h, yielding
RETM = 1.8 × 10−5 kg m−3 s−1 or 1.5 kg m−3 per day. Different example values could lead
to a variation of up to a factor of 5. However, this is more than two orders of magnitude
lower than for our sine gradient experiments. For chemical interactions with snow the high
recrystallization rate under temperature gradients adds to the effect of the relatively large
specific surface area accessible to gases and has to be taken into account for models.
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The continued sublimation and deposition of water vapor leads to a highly dynamic shell
around the ice structures. The residence time of the outermost H2 O molecules is on the order
of 1 day, while the core of the structure will become arbitrarily old. Figure 5.4 shows the
age distribution of the ice voxels within a slice in which the gradient vector is parallel the
y-coordinate. A young shell can be clearly distinguished from an aging core. The histogram
of voxel age, which is calculated over the entire subvolume and not only the slice shown,
expresses this observation in a rapidly falling “young” part and a peak at the oldest possible
age (i.e. the measurement time). This will affect the release of impurities in the ice, which
were incorporated as atmospheric ice forming nuclei or by scavenging from the atmosphere.
Since the core of larger structures will not sublimate, the skeleton of the structure will
remain the same. Therefore, physical properties associated with connectivity of the structure
like thermal conductivity and mechanical strength are expected to change only slowly.
The geometrical evolution of the sine gradient experiments suggests that the classification of
snow has to be extended to a third class, in addition to ETM and TGM. Due to the high mass
transport, evolution of the structural parameters is more rapid than in the case of equitemperature metamorphism [Schneebeli and Sokratov, 2004, Kaempfer and Schneebeli, 2007]. Real
equi-temperature conditions take a single, isolated snow crystal several weeks until it is not
recognizable as a precipitation particle any more [Bader et al., 1954]. In contrast, in a natural
snowpack the precipitation particles often are decomposed within several days. Laboratory
experiments [Kaempfer and Schneebeli, 2007] also show that the time scale for destructive
metamorphism was longer in the laboratory than observed in the field. Our experiments lead
to the conclusion that the so-called equilibrium metamorphism observed in nature is in reality due to alternating temperature gradients. However, snowpack models [Brun et al., 1992,
Bartelt and Lehning, 2002] distinguish only between ETM and TGM, and different calibrated
rate equations for the evolution of the geometrical parameters are applied in both regimes.
As a conclusion, our cycled temperature gradient measurements suggest that layers with
rounded grains in natural snowpacks can be misinterpreted to be the result of equi-temperature
metamorphism, although large alternating gradients have been acting. Gradients of the magnitude 80–120 K m−1 are representative for those found near the surface where radiative energy
is deposited [Birkeland et al., 1998]. The constant mean temperature as well as the symmetric
(night-day) cycle in our experiments are oversimplifications — in nature, the mean temperature will change over time and day and night periods may be asymmetric. However, our results
show that crystal growth rate is not the only decisive factor for faceting under a temperature
gradient. The temporal stability of the diffusion field around a structural element must play
an equally important role. The effective mass flux through the snow is not enhanced, as common theories about snow metamorphism predict. Instead, the effective diffusion constant we
found is lower than that in air, in agreement with theoretical considerations [Giddings and
LaChapelle, 1962]. We need a new model of snow metamorphism to account for these facts.
The large volumetric turnover of up to 60 % of the ice mass in one half-cycle in apparently
isothermal snow must be considered in models describing the uptake of chemicals in snow.
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Figure 5.1: Applied temperature curve and flux response for experiment s1 . The sketch shows the location of
the sensors for which the readings are plotted. The dark lines are sine curve fits for each data set. The peak
temperature gradient resulting from these boundary conditions was ±89.4 K m−1 . Shaded areas represent the
periods during which µCT scans were made. One µCT scan took approximately two hours.
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Figure 5.2: Evolution of the grain shapes for experiment s1 (A) and the three-dimensional morphology (B). A)
Initially, the grains typically showed characteristics of fresh snow like dendritic extensions. After the application
of sinusoidal temperature gradients with amplitude 89.4 K m−1 , the shape was much coarser, but did not show
any sign of conventional temperature gradient metamorphism. The grain resembled a decomposing precipitation
particle, albeit the size was much larger. B) Three-dimensional evolution of the snow. The size of the shown
volumes is 3.6 mm×1.8 mm×3.6 mm. One structural element has been marked yellow for orientation. The
morphology of the structure seems to evolves very slowly, although more than four gradient cycles were between
the images and considerable ice mass has been relocated.
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Figure 5.3: Temporal evolution of structural parameters, mass turnover and mass flux of experiment s3 . A) The
microstructure evolves significantly, as seen by the 25 % decrease of specific surface area (SSA) and the almost
40 % increase of ice thickness and 30 % increase of pore thickness. The SSA of experiment s1 is shown in grey
for comparison. B) Mass turnover rate, averaged over the 6 h period between two µCT scans. The turnover
rate is very high, it amounts to 60 % of the total snow mass within one half cycle of the sine gradient (12 h).
C) Mean mass flux determined from the displacement vector fields (PIV method) and theoretically by using
the average gradient for the 6 h period between two scans. The continuum model used the diffusion constant
for water vapor in air. Note that in B) and C) six data points are missing because of a failure of the z-position
measurement.

88

5.1 Article

Figure 5.4: The residence time of ice in experiment s3 , at t = 114 h (A), t = 222 h (B), and t = 330 h (C). The
apparent up-and-down motion of the ice structure (see movie S1 in supporting online material) results from
simultaneous sublimation and deposition of ice mass by vapor diffusion. Note the aging core and the young
shell of each structure. As the histogram shows (D), the two components are reflected in two modes, a quickly
decaying young part and a constantly aging core.
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5.2 Supporting material
Materials and methods
Sample holder
The sample holder was designed to apply controlled temperature gradients to a snow sample while simultaneously µCT-scanning Pinzer and Schneebeli [2009a]. Two thin aluminium
cylinders of diameters 65.4 mm and 53 mm, separated by highly insulating microporous foam,
surrounded a snow sample of 53 mm diameter and 20 mm height. This setup provided good
thermal shielding and did not degrade the quality of the µCT images. The temperature above
and below the snow column was kept stable by Peltier elements, controlled by two independently programmable PID controllers. Aluminium plates between the Peltier elements and
snow sample distributed the heat. Heat flux sensors (Hukseflux PU series) and thermistors
were placed at the bottom and at the top of the snow sample.

Sample preparation
The snow used for the experiments was produced in the cold laboratory by condensing water
vapor on nylon threads, similar to the process during formation of snow in clouds. The snow
was very similar to new snow. The new snow was sieved into boxes (144 × 144 × 66 mm) and
stored for one week at -4◦ C to allow for sintering. We filled the sample holder by cutting out a
53 mm cylinder from the middle of the sintered snow block and pushing the core in the sample
holder. Great care was taken to avoid any mechanical disturbance of the core. 1–2 mm thick
ice plates were frozen to the heat flux sensors to provide a water vapor reservoir and guarantee
good thermal contact between snow and heat flux plates.
The density of the snow was determined by weighing the empty and filled sample holder,
and in addition by weighing 2 to 3 reference cylinders cut out from the rest of the snow block.
Microscopic photographies were made with a binocular just before and after the experiments.
After mounting the sample holder inside the µCT, a radiography was used to check the correct
placing and physical contact of the core with the sample holder. The exact height of the snow
sample was determined from the radiography, to calculate the applied temperature gradient.

X-ray tomography
A µCT 80 (Scanco Medical, Switzerland), adapted to cold laboratory conditions, was used for
the experiments [Schneebeli and Sokratov, 2004]. The X-ray spectrum was determined by the
acceleration voltage of 45 keV, with the low-energy part cut off by an aluminium filter. The
sample was scanned with 1000 projections, with an integration time of 600 ms per projection.
Only the innermost 36.9 mm of the total 53 mm diameter were scanned, at a resolution of
18 µm. The snow and aluminium outside the field of view were sufficiently homogeneous not
to produce artefacts, except at the very border of the image.
The µCT was programmed to scan a height of 7.488 mm, centered within the snow column,
every 6 h. One scan took approximately 2 h. To evaluate the reconstructed images, IPL(Scanco
Medical) was used. Subvolumes of dimensions (300 voxel)3 were cut out, filtered with a Gaussian filter (σ = 1.2, support=2), and segmented by matching the weighed density of the snow
samples to the volumetric density of the binary images.
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The absolute z-position was not stable between subsequent scans due to the weight of the
sample holder. To correct, a linear encoder for the z-position was built into the µCT for
experiment s3. Vapor massfluxes could be evaluated only after this modification.

Image processing
The binary images were used to extract structural parameters and dynamical information
about temporal changes.
Specific surface area (SSA) is defined as the ratio of ice surface area over ice volume (unit
m−1 ). The surface area was extracted using a marching cubes algorithm.
Thickness distributions of ice and pore space were calculated with a distance transform
algorithm. Each voxel is assigned the radius of the largest sphere it belongs to, which results
in a volume weighted distribution of local thicknesses [Hildebrand and Rüegsegger, 1997]. As
the local thickness is bounded by the thinnest extension, the result for intricate structures does
not coincide with the notion of grain size traditionally used.
Particle image velocimetry (PIV) is a technique known in fluid dynamics to keep track
of particles in fluids [Westerweel, 1997]. We implemented an algorithm that constructed a
displacement vector field for subsequent images by shifting one image until the local threedimensional correlation between two subsequent volumes was maximized. The local window
reflects the mean structure size of the ice structure. A sensitivity analysis for snow showed that
the window size does not influence the mean displacement of an entire image if the local window
was larger than 20 voxels. To avoid the possibility of ambiguous correlations within a window
we used 32 voxels in all three dimension. Figure 5.5 illustrates the resulting displacement
vector field for two subsequent images. The displacement vector field was used in a next step
to calculate the mass flux. By multiplying the mean velocity of displacement within one slice
perpendicular to the external gradient by the mass density within this slice, the mass flux for
the structure was obtained. Due to mass conservation, an equal vapor flux must have flown in
the opposite direction.
Residence time and mass turnover are determined by keeping track in which scan an ice
voxel at position (x, y, z) appeared. The maximum detectable age is given by the experiment
duration. The mass turnover R during the period ∆t is calculated by subtracting the corresponding µCT images. The difference image contains three components: constant, sublimated
and freshly deposited voxels. The mass of each component is then the total voxel volume times
the density of ice.

Modeling the mass flux
According to the theory of Giddings and LaChapelle [Giddings and LaChapelle, 1962], the
effective diffusion constant of water vapor in snow should be equal or slightly smaller than the
diffusion constant for water vapor in air, Deff = Dair . Using a continuum approach with the
diffusivity of air, we can calculate the expected vapor mass flux across the snow sample.
The idea is to treat snow as a homogeneous material with a constant temperature gradient.
Due to the presence of ice, the concentration of water vapor can be expressed by the equilibrium
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(a) orthogonal planes

(b) y-z-plane

(c) x-z-plane

(d) x-y-plane

Figure 5.5: Illustration of the particle image velocimetry (PIV) method applied to µCT images separated by
6 h. The two-dimensional images represent slices through the snow structure. Changes due to recrystallization
are visualized by different shades of gray: dark areas have deposited during the past 6 h, while the light gray
areas have sublimated. The vector field represents the average displacement of the structure in a (32 voxel)3
large neighborhood.
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vapor pressure over ice at temperature T , c(x, y, z) = c(T (x, y, z)). The concentration gradient
is then proportional to the temperature gradient,


d p(T )
∇c =
∇T
(5.3)
dT kB T


∂p(T )/∂T
p(T )
=
−
∇T,
(5.4)
kB T
kB T 2
where the ideal gas law has been applied. Applying Fick’s law of diffusion gives the mass flux,
j = −Dair ∇c. Since in our experiments ∇T is a function of time, the mass flux has to be
integrated over the period of 6 hours to compare it to the PIV measurements,
Z tn

j T (t), ∇T (t) dt.
(5.5)
jn =
tn−1

93

Chapter 5: Snow metamorphism under alternating temperature gradients

94

Bibliography
E. M. Arons and S. C. Colbeck. Geometry of heat and mass transfer in dry snow: a review of
theory and experiment. Rev. Geophys., 33:463–493, 1995.
H. Bader, R. Haefeli, E. Bucher, J. Neher, O. Eckel, and C. Thams. Snow and its metamorphism. Technical Report CRREL Report No: SIPRE TL 14, U.S. Army Cold Regions
Research and Engineering Laboratory, 1954.
P. Bartelt and M. Lehning. A physical snowpack model for the swiss avalanche warning: Part
I: numerical model. Cold Reg. Sci. Tech., 35(3):123–145, November 2002.
K. W. Birkeland, R. F. Johnson, and D. S. Schmidt. Near-surface faceted crystals formed by
diurnal recrystallization: A case study of weak layer formation in the mountain snowpack
and its contribution to snow avalanches. Arctic Apine Res., 30(2):200–204, May 1998.
R. E. Brandt and S. G. Warren. Temperature measurements and heat transfer in near-surface
snow at the south pole. J. Glaciol., 43(144):339–351, 1997.
E Brun, P David, M Sudul, and G Brunot. A numerical model to simulate snow-cover stratigraphy for operational avalanche forecasting. J. Glaciol., 38:13–22, 1992.
S. Colbeck, E. Akitaya, R. Armstrong, H. Gubler, J. Lafeuille, K. Lied, D. McClung, and
E. Morris. The International Classification for Seasonal Snow on the Ground. Number
CRREL Rep. No. MP 2794. Internat. Assoc. Sci. Hydrology, 1990.
S. C. Colbeck. Thermodynamics of snow metamorphism due to variations in curvature. J.
Glaciol., 26(94):291–301, 1980.
S. C. Colbeck. Theory of metamorphism of dry snow. J. Geophys. Res., 88(NC9):5475–5482,
1983.
S. C. Colbeck. Temperature-dependence of the equilibrium form of ice. J. Cryst. Growth, 72
(3):726–732, 1985.
S. C. Colbeck. A review of the metamorphism and classification of seasonal snow cover crystals.
In B. Salm and H. Gubler, editors, Avalanche Formation, Movement and Effects, volume
162, pages 3–34. IAHS Publications, 1987.
S. C. Colbeck. The vapor diffusion-coefficient for snow. Water Resour. Res., 29(1):109–115,
January 1993.
R. Dadic, M. Schneebeli, M. Lehning, M. A. Hutterli, and A. Ohmura. Impact of the microstructure of snow on its temperature: A model validation with measurements from summit, greenland. J. Geophys. Res., 113(D14):D14303, July 2008.

95

Bibliography
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6
Diffusion of NOx and HONO in snow: a
laboratory study1
The exchange of trace gases with snow is the preliminary step for photochemistry in snow.
In collaboration with the PSI radiochemistry group, we constructed a setup to measure the
effective diffusivities of NOx and HONO.

Abstract
The diffusion of trace gases in snow and firn is a crucial process for snow-atmosphere
interactions and air mixing in firn. It is very sensitive to interactions of the trace
gas with the ice surface. We developed an experimental setup to measure the effective diffusion constant of nitrogen oxides (NOx = NO + NO2 ) and the highly
soluble nitrous acid (HONO). The method combines X-ray micro tomography and
radioactively labeled molecular tracers: tomography provides the microscopic configuration of the pore space as well as the amount of ice surface accessible for the
gas, while radioactively labelled tracers reveal the dynamics of diffusion. Bringing
together the precise characterization of snow micro structure and the dynamics of
tracer diffusion, the partitioning between gas phase and ice can be studied. We
present first results measured in two different snow types. The fast diffusion of
NO and NO2 was measured by analysing the temporal evolution of their gas phase
concentration down stream of the snow samples. The effective diffusivity of HONO
could be directly measured from the steady state migration profiles of radioactively
labelled HO 13 NO molecules. The measured effective diffusion constants of NO and
NO2 agree well with the theory of diffusion in porous media. This underlines that
tomography may be used to map diffusivity in snow or firn with high spatial resolution. Due to the interactions of HONO with ice, the effective diffusion constant
of HONO was two to three orders of magnitude smaller than the diffusivity in air.
1
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6.1 Introduction
Snow on the ground is a highly porous material. Its interstitial air can mix and be exchanged
with the overlaying atmosphere. Because snow is acting as a photochemical reactor, these
exchanges affect the chemical composition of the lower atmosphere [Grannas et al., 2007,
Dominé and Shepson, 2002].
The transport of trace gases in snow depends on the interplay of advection in the gas phase,
local adsorption, diffusion into the bulk ice, and the gas phase diffusion through the pores of the
snow [Albert et al., 2002, Dominé et al., 2008]. Modelling these coupled transport processes is
difficult, especially as experimental data on thermodynamic and kinetic parameters governing
these individual processes are scarce.
The composition of the air in small bubbles trapped in glacial ice also depends on the
transport of trace gases in firn. Before the pore close off (typically at depths between 60–100 m
in polar areas) firn is still permeable to gases and fluctuations in atmospheric concentration can
propagate deep into the firn mainly through diffusion [Schwander et al., 1993]. This leads to an
age difference between trapped air and the surrounding ice [Schwander et al., 1988]. Knowing
this age difference allows reconstructing past atmospheric mixing ratios of stable trace gases
such as CO2 , CH4 and N2 O from ice core analysis [see e.g. Wolff et al., 2007].
Diffusion is defined as the net transport, resulting from a concentration gradient, of material
within a single phase in the absence of mixing [Reid et al., 1987]. The rate of diffusive transport
is determined by the diffusion coefficient or the diffusivity [Reid et al., 1987]. In the case
of a random heterogeneous material like snow, the microscopic interactions between the ice
phase and the diffusing species are generally summarized in terms of a macroscopic effective
diffusivity. The effective diffusivity depends on the microstructure of the porous medium, which
is described by its porosity, and by parameters reflecting the microscopic shape of the pores,
such as the pore tortuosity or ellipticity. Hence, the effective diffusivity for species that do not
chemically interact with the ice surface can be calculated from these geometrical parameters.
However, if gases interact with the ice by physical adsorption or chemical reactions, these
effects must also be accounted for when estimating the effective diffusivity. As atmospheric
models cannot take into account such a level of detail, the homogenized description of the
transport in terms of an effective diffusivity is necessary for any macroscopic modelling of
gas-snow interaction.
Up to now, only few measurements have been made to study the effective diffusivity of gases
in snow [Solomon and Cerling, 1987, Choi et al., 2000, Albert and Shultz, 2002, Herbert et al.,
2006] or firn [Schwander et al., 1988, 1993, Fabre et al., 2000].
To our knowledge, only two controlled diffusion experiments with compounds interacting
with snow were made. Herbert et al. [2006] measured the distribution of anthropogenic chlorinated chemicals in fresh and old snow after exposing the snow to a defined concentration
of these trace gases. From the vertical distribution as measured in the melted snow, they
calculated the diffusivity using a semi-empirical approach.
Choi et al. [2000] measured and modelled the reactive diffusion of SO2 into wet snow. They
measured the vertical distribution of SO2 within the snow sample by extracting a core from
the samples which was cut into pieces, melted and finally analyzed. The measurements were
compared to a one dimensional model which considered i) gas phase diffusion in the porous
medium snow — expressed by an effective diffusivity that takes into account tortuosity of the
pores, but no chemical retention — and ii) as independent process the trace gas uptake into
the liquid fraction in the snow. By estimating the independent model parameters effective gas
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phase diffusion coefficient, liquid-water to air volume ratio, and concentration of oxidants, they
achieved good agreement between modelled and measured concentrations.
Solomon and Cerling [1987] deduced the diffusion coefficient of CO2 in snow from the vertical
distribution of the gas phase concentration of CO2 as measured directly within the snowpack.
Albert and Shultz [2002] injected SF6 into the headspace of a cylindrical sampler, closed on
the top which was pushed into the snow. The gas phase concentration of SF6 was periodically measured in the headspace and its time dependence was used to calculate the diffusion
coefficient of SF6 .
The diffusivity measurements of non-interacting gases such as CO2 , CH4 , O2 , and SF6
performed in firn were used to calculate the age difference between the air trapped in the
bubbles of natural ice and the surrounding ice [Schwander et al., 1988]. Schwander et al. [1988]
and Fabre et al. [2000] inferred the diffusivity of the above mentioned gases from the shape
of the elution peak of a small amount of gas fed to a carrier gas flowing through the firn
sample. Freitag et al. [2002] modelled the effective diffusivity based solely on a geometrical
three dimensional reconstruction of the firn. To obtain the geometry of the pores they used
serial sectioning with a horizontal pixel size of 78 µm and a vertical resolution of 200 µm.
Solving the diffusion equation in the pore space using a lattice Boltzmann technique, they
found a porosity-diffusivity relation that was similar to the measurements of Schwander et al.
[1988] and Fabre et al. [2000], and extended the measured relation to lower values of porosity.
However, no direct comparison between measured and modelled diffusivities for the same snow
could be made.
Studies on the interaction of trace gases with snow have been made by passing a trace gas
flow through a packed ice bed or a column filled with natural snow [e.g. Clapsaddle and Lamb,
1989, Conklin et al., 1993, Bartels-Rausch et al., 2004, Kerbrat et al., 2009]. Here, the total
trace gas uptake or the uptake kinetics was studied and fundamental parameters of the trace
gas-ice interaction were retrieved. However, as these studies were made with a gas flowing
through the snow, no information can be gained about the gas phase diffusion through the
snow.
Also nitrogen monoxide (NO) and nitrogen dioxide (NO2 ) — summarized as NOx hereafter
— and nitrous acid (HONO) are important trace gases which react with snow in the polar
troposphere. These compounds are produced in the snow pack, where they play an important
role for the ozone (O3 ) budget [see Grannas et al., 2007, for review]. Nitrous acid photodissociates to form hydroxyl radicals ( .OH) and nitric oxide (NO). It therefore also enters
the HOx cycles which is up to now only poorly understood in polar regions [Dominé and
Shepson, 2002, Chen et al., 2004, Liao and Tan, 2008]. While NO and NO2 are relatively
inert regarding adsorption on ice [Sommerfeld et al., 1992, Bartels-Rausch et al., 2002], HONO
strongly interacts with ice surface [Chu et al., 2000, Bartels-Rausch et al., 2002, Kerbrat et al.,
2009].
In this paper, we introduce a new laboratory method to measure the effective diffusivity
of nitrous oxides in snow. Two complementary detection systems were used to monitor the
diffusion processes in the snow sample. The two system are adequate to cover the very different
diffusion dynamics of NOx and HONO. As in the setups used by previous authors, we exposed
a snow surface to the trace gas. Complementary, X-ray micro-Computed-Tomography (µCT)
was used to obtain micro structural information like pore space tortuosity from the snow
samples. We present first results, based on measurements on two different snow types.
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Figure 6.1: Schematic of the experimental set up. Flow directions are marked by arrows. The dashed lines
represent electronic connections. The boxes labelled ‘Reactor’ and ‘ABTS’ represent the glass reactor were the
oxidation of NO to NO2 takes place and the denuder were HONO is produced, respectively (see text for details).

6.2 Experimental setup
The principle of the experiment was to provide a defined concentration of trace gas at the
surface of a small snow sample placed in a special sample holder, denoted by snow diffusion
chamber (SDC). The pressure in the system was set to 950 mbar, and the temperature ranged
from 252 K to 269 K. A schematic of the experimental set up is shown in 6.1. Each measurement consisted of the following steps: The gas phase concentration of the investigated
compound was monitored before exposure to the snow sample. The humid gas mixture containing ∼40 ppb of NO, NO2 or HONO in He/N2 /O2 was then flown over the snow sample at
a rate of 200 mL min−1 . After exposure of the gas compound to the snow, a drop could be
observed in the nitrogen oxide concentration measured downstream of the SDC. This drop,
which was initially due to advection and later due to diffusion into the snow, can be analyzed
to retrieve the effective diffusivity. Complementary, by using the positron emitter 13N, the
migration of the 13N-labelled molecules can be followed in situ in the snow diffusion chamber
by a coincident γ-counter.
In the following paragraphs, we will describe the four different units of the system, namely
the nitrogen oxide sources, the snow diffusion chamber, the snow samples and the detection
systems.

6.2.1 Nitrogen oxide sources
Nitrogen monoxide. Stable nitrogen monoxide (or nitric oxide, NO) was supplied by a gas
cylinder containing 10 ppm of NO in N2 . The production of 13N (t1/2 = 9.96 min) has been
described in detail elsewhere [Ammann, 2001]. Briefly, it is produced via the reaction 16O(p,
α) 13N in a gas-target, which was set up as a flow cell, through which 20% O2 (5.5) in He(6.0)
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pass at 2 L min−1 at 2.4 atm. The gas-target was continuously irradiated by 11 MeV protons
provided by the accelerator facilities at Paul Scherrer Institut, Switzerland. The radiation
chemistry in the target cell also leads to the production of non-labelled nitrogen oxides from
nitrogen impurities in the carrier gas supplies. The primary 13N molecules and radicals, along
with their non-labelled counterparts, were reduced to nitrogen monoxide over a Molybdenum
catalyst at 380 ◦ C C, immediately after the target cell. The resulting gas was continuously
transported to the laboratory through a 580 m long capillary.
Typically, the flow from the gas target injected into the system was 300 mL min−1 to which
a flow ranging from 1 to 10 mL min−1 from the NO gas cylinder was added. Note that all
the flows given in this paper are normalized to the standard conditions of temperature and
pressure and were controlled by mass flow controllers during the experiments.
Nitrogen dioxide. Nitrogen monoxide (stable and radioactive) molecules were oxidized to
NO2 by reaction with ozone in a 0.95 L glass reactor. The residence time in the reactor was
adjusted to 2 minutes to allow complete conversion of NO to NO2 . Ozone was obtained by
irradiating a 100 mL min−1 oxygen/nitrogen mixture (O2 /N2 = 8:92) with a mercury penray
UV lamp (λ=185 nm). During the nitrogen monoxide experiments, the UV lamp was switched
off but the oxygen/nitrogen mixture was still flowing through the lamp.
Nitrous acid. The production of HONO through the conversion of NO2 over solid 2,2’-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, purchased from Sigma
Aldrich) was used as described previously [Kerbrat et al., 2009].
ABTS was coated on a quartz tube by applying a 3% aqueous solution and drying in N2 .
A humid N2 flow of 100 mL min−1 (≥28% RH at 23◦ C) was added to the ∼400 mL min−1
NO2 flow before entering the ABTS denuder to reach the ≥5.5% humidity, which is needed
for the reaction. For experiments at temperatures higher than 258 K, humidity in the ABTS
could be set to more than 5.5% because the vapour pressure of ice was high enough whereas for
temperatures lower than 258 K, the gas flow had to be diluted downstream of the ABTS so that
the humidity matched the vapour pressure of ice. The excess flow was pumped off upstream
of the SDC so that only 200 mL min−1 was flowing over the snow sample. The conversion of
NO2 to HONO ranged between 30 and 100% depending on the quality of the ABTS coating
and the humidity. The HONO production of the source was monitored using a commercial
long path absorption photometer (LOPAP-O3).
For experiments with NO or NO2 , the ABTS coated quartz tube was bypassed.

6.2.2 The snow diffusion chamber
The key entity of the set up was the sample holder. The design was similar to the sample
holder described by Pinzer and Schneebeli [2009a], who optimized the thermal insulation of
their sample holder while retaining compatibility with X-ray tomography. The similarity of
the sample holders allowed comparison with µCT experiments made under the same boundary
conditions. The only differences compared to the description of Pinzer and Schneebeli [2009a]
were the height of the sample chamber and the gas inlet on the top end of the sample holder,
as described below.
The sample holder was made of two aluminium cylinders having diameters of 65.4 and
53.0 mm, separated by open porous foam (Porextherm WDS Ultra). Aluminium was chosen
because firstly it does not significantly absorb hard X-rays, and secondly it provides a relatively
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inert surface and so is expected not to influence the transport of the nitrogen oxides into the
snow.
The bottom end of the sample holder was closed with an aluminium block. The top end was
closed with a Teflon gas inlet. This inlet was designed to provide a reservoir of 102 cm3 with a
well defined mixture of carrier gas and trace gas. The gas mixture was entering the reservoir at
a rate of 200 mL min−1 at the far end relative to the snow surface, while the outlet was located
near the snow surface. This made sure that the turbulence introduced by the gas flow could
settle, so that local gas velocities near the snow surface were low and avoided advection beyond
the topmost millimetres of snow, in addition to diffusion. Note that this setup is not intended
for measuring fast uptake to snow. We assume that on the relevant diffusion time scale, a
steady state concentration is established near the snow surface. During an experiment, the
sample holder assembly was introduced into a liquid cooled jacket whose temperature could
be controlled down to -50◦ C.

6.2.3 Snow types and sampling procedure
Two different types of snow were prepared for the experiments: very fresh snow with high
porosity, Φ, and aged snow with a rounded grain morphology and lower porosity. Both snow
types originated from the same snow that was produced in the laboratory by mimicking the
processes in a cloud: supersaturated air was blown through an array of thin nylon threads,
which acted as condensation nuclei. The threads were periodically shaken such that ice crystals
fell down. The “precipitation” was sieved into styrofoam boxes and subsequently stored under
defined conditions to control the extent of metamorphism. The fresh snow was produced
one day before the experiment and stored overnight at -4◦ C, while the aged snow was kept
for 67 days at -10◦ C. This was enough time to allow the development of a rounded grain
shape — this type will be called aged snow further on. Removing the styrofoam boxes before
the experiment delivered snow blocks of about 30 cm side length. The gravimetric density
was determined by weighing. A small core was taken from each batch and scanned in the
µCT to determine the structural parameters of the pore space. Additional samples were
taken for uptake experiments, using the SDC, described above. Before filling the SDC with
snow, the walls were coated with a thin film of distilled water to exclude any influence on the
measurement due to the interaction of the HONO with the aluminium surfaces of the sample
holder. Then the sample holder was filled with snow, whereas great care was taken to avoid
mechanical disturbances. Cylindrical cores of 8 cm height were drilled from the snow blocks,
and subsequently pushed into the sample holder from the bottom, so that the upper surface
(in contact with the gas later on) was not compressed, using a mechanical alignment tool to
avoid tilting. The bottom was closed with the aluminium part and the slit between sample
holder and aluminium cover was sealed with liquid water that immediately froze and formed a
tight connection. This sealing was critical because the entire system was operated at a pressure
lower than atmospheric and a leak would have been a significant source of error (as discussed
below). However, the pressure of the system being regulated, the presence of a leak leads to
an increase of the out flow rate. The latter being monitored and recorded as a function of
time, any impaired measurement can easily be determined after examination of the out flow
rate data. Note that the geometry of the sample holder did not allow using a standard O-ring
for sealing.
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Table 6.1: Properties of the snow samples shown in 6.2. Ice.Th and Ice.Sp denote the mean thickness of ice and
the pore space, respectively (see text for details).

type

history

fresh snow
aged snow

1 d @ -4◦ C
67 d @ -10◦ C

density
[kg m−3 ]
128
263

SSA
[m2 kg−1 ]
49.5
19.2

(a) fresh snow

Ice.Th
[mm]
0.065
0.181

Ice.Sp
[mm]
0.306
0.315

tortuosity
2
τpore
1.16
1.33

(b) aged snow

Figure 6.2: Visualization of the snow samples. For fresh snow, dendritic as well as plate like precipitation
particles can be recognized, while the aged snow (right) consists mainly of rounded grains.

6.2.4 Tomography
A Scanco µCT80 was used for the tomography scans. The voxel size was 10 µm for the fresh
snow and 18 µm for the rounded snow, in accordance with the resolution study of Kerbrat
et al. [2008]. The raw data was processed with a median filter (support 1) and a gaussian
filter (σ = 1.0, support=2), and segmented based on the histogram of the grey values. The
structure parameters shown in 6.1 were extracted by image processing. Specific surface area
(SSA) was determined by triangulation of the surface with a marching cube algorithm. The
mean thickness of ice (Ice.Th) and pore space (Ice.Sp) were calculated by inscribing maximum
spheres and assigning to each voxel the radius of the biggest sphere it belonged to [Hildebrand
and Rüegsegger, 1997].
To characterize transport properties like diffusion in porous media, the tortuosity factor τ
[Epstein, 1989] has proven to be a simple but powerful concept. It is modelled assuming a
bundle of sinuous capillaries (representing the pore space), where τ is the ratio of capillary
length to sample length. Denoting the snow porosity by Φ, this model yields
Deff = D

Φ
.
τ2

(6.1)

Once the structure of the pore space is known from a µCT image, the tortuosity factor can
be determined by a finite element simulation of the temperature field [Kaempfer et al., 2005].
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To this end, the Laplace equation for steady state temperature distribution is solved only in
the pore space. The appropriate boundary conditions are fixed temperatures (Dirichlet) on all
pore voxels in the bottom and top slices and zero flux across ice-air interfaces (von Neumann).
By replacing the diffusion constant in Equation (6.1) with thermal conductivity, the tortuosity
factor can be determined. Since the mathematical formulations of particle diffusion and heat
diffusion are identical, τ determined with the temperature field is directly applicable for particle
diffusion. 6.1 lists the tortuosities for the two snow types. As Epstein [1989] already pointed
out, τ has to enter Equation (6.1) squared. In many publications [including Albert and Shultz,
2002, Freitag et al., 2002, Herbert et al., 2006], the tortuosity appears only linear in the effective
diffusion constant. When tortuosity is measured as the ratio between effective diffusivity and
diffusivity in air this has no consequences, but when tortuosity is determined geometrically by
measuring path lengths this could be a source of error. Albert and Shultz [2002] state that the
tortuosity of the “surface wind pack” they used for their experiments was ≈0.5, meaning the
ratio of Deff to D. In our case, this would correspond to 0.74 for fresh snow and 0.54 for aged
snow. Given that the density of the surface wind pack of Albert and Shultz [2002] was similar
to our aged snow density, this tortuosity value compares well to our value.

6.2.5 Detection system
The coincident γ-counter
The use of short lived 13N isotopes allows monitoring the 13NO, 13NO2 and HO 13 NO distribution along the snow sample. This is achieved by a coincident γ-counter which continuously
scans the column. The characteristics of a similar detection system is given elsewhere [Ammann, 2001, Bartels-Rausch et al., 2002, Kerbrat et al., 2009]. In brief, the coincident γ-counter
consists of two sodium iodide detector heads, 13 cm in diameter and 25 cm long, mounted face
to face with a gap of 28 cm. The annihilation of the positron emitted in the decay of 13N
leads to emission of two coincident rays in opposite directions. Therefore, the output of each
detector is wired to a timing filter amplifier and constant fraction discriminator, and combined
to a coincident counting unit with a logical ‘and’ unit. This allowed the determination of the
spatial distribution of the labelled nitrogen oxide molecules along the snow diffusion chamber
with very low background noise. Five centimetres thick lead collimators leaving a 3 mm wide
slit were mounted in front of each detector to define the linear resolution.

The chemiluminescence dectector
Parallel to the radioactive measurement, the gas phase concentration in the headspace above
the snow sample of the different gases was monitored (see 6.1) using a commercial chemiluminescence dectector (CLD, Eco Physics, model CLD 77AM). The CLD being able to measure
only NO, it was combined to an external molybdenum converter held at 380◦ C for the reduction of NO2 or HONO to NO. The NO background in the NO2 measurements was checked
intermittently by bypassing the converter allowing only NO to be detected. For the HONO
experiments, the fraction of NO2 was checked by switching in a sodium carbonate (Na2 CO3 )
trap in front of the molybdenum converter [e.g. Allegrini et al., 1987, Ammann, 2001].
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Figure 6.3: Typical shape of the NO and HONO signals measured downstream of the SDC when they were
exposed to the snow surface. The dip indicates the time when the valve to the snow diffusion chamber was
opened and NO or HONO started to enter the snow column. The dotted lines indicate the region of the NO
signal where Equation 6.2 was fitted to determine the effective diffusion coefficient. In the case of HONO the
SDC was bypassed at t ∼ 5 000 s.

6.3 Results and discussion
The two measurement systems described above provide complementary insight into the diffusion processes inside the snow diffusion chamber. While the CLD gives information about the
total amount of the species that has diffused into the snow diffusion chamber after a certain
time, the spatially resolved activity measurement reveals where the labelled species decays
while travelling into the snow sample.

6.3.1 General comparison of detection systems and applicability to different
nitrogen oxides
Typical results of both measurements are shown in 6.3 and 6.4. 6.3 represents the NO measurements made by the chemiluminescence dectector downstream of the SDC. For times t < 375 s,
the gas mixture containing NO was not exposed to the snow sample. At t ∼ 375 s, the gas
mixture was directed to the SDC. The drop of the NO concentration down to almost zero indicates that mass transport in the head-space above the snow sample was limiting the uptake for
short time scales. Later, once the top layers in the snow had equilibrated with the gas phase
concentration in the head space, uptake was due to diffusion. The concentration recovered to
its initial value after about 2 000 s. At that point, the sample holder was bypassed. We used
the interval between 580 s and 1 200 s to fit the theoretical curve to the measured values, as
described below. After 1 200 s, the difference between the NO signal and the bypassed value
was below the resolution of the CLD, therefore the values between 1 200 and 2 000 s were not
used for the fit. The same feature could be seen for NO2 whereas in the case of HONO, due to
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Figure 6.4: Migration profile of HO 13 NO in the sample holder as measured by the coincident γ-counter after
exposing the snow to HONO. The interface gas/snow is found between the dotted lines. The blue dashed-dotted
line represents the fit of the migration profile using Equation (6.6). Only the filled data points were taken into
account for the fit.

its strong interaction with ice, uptake persisted, i.e. the HONO concentration after the SDC
did not recover to its initial value even after several hours of experiment.
In 6.4, typical measurements made by the coincident γ-counter, when the system is at
equilibrium, are shown. The steady state was reached after 30 min of HONO exposure and
the signal was further integrated during 30 min. On the ordinate the activity — which is
proportional to the amount of 13N — is plotted versus the depth x in the SDC. For 0 < x <
0.04 m, the coincident γ-counter was measuring the activity in the Teflon inlet and for x >
0.05 m, it was measuring the activity in the snow sample. From this measurement, it can be
directly seen that HO 13 NO accumulated in the snow. Indeed, the activity measured in the
Teflon inlet, which originated from gas phase HO 13 NO and from HO 13 NO adsorbed on the
Teflon surface, was lower than the activity in the snow sample. This further allows to locate the
interface gas/snow which can be clearly seen at 0.04 < x < 0.05 m. The width of the interface
is mainly due to the fact that the axis of the SDC was not perfectly parallel to the axis of
translation of the coincident γ-counter. Moreover, the snow sample being stored horizontally
in the cooling jacket, snow crystals might have fallen into the Teflon inlet. In the snow sample,
the activity decreased exponentially with x. This was mainly due to the radioactive decay of
13N while HO 13 NO was migrating into the snow sample. Because 13N has a half life of t
1/2 ≈
13
10 min, the velocity of migration of HO NO into the snow sample can be estimated using the
decay rate as a clock.
In the case of 13NO and 13NO2 experiments, because their migration was fast, the amount of
molecules and therefore the activity was homogeneously distributed all along the snow sample
ingmeans that the time needed to reach the bottom of the SDC was significantly smaller than
t1/2 . The very slight enhancement of the activity in the snow as compared to the activity
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in the Teflon inlet is likely due to the difference of density at these two different places. In
the headspace which is filled with a gas at atmospheric pressure, the positrons have a mean
free path in the meter range. Annihilation of the positrons leading to gamma emission will
therefore happens on the walls of the inlet where the positron mean free path is in the order of
a few hundred micrometres. In the snow samples annihilation likely occurs directly in the ice
grains. This leads to a higher radiation intensity within the field of view from snow than from
the walls surrounding the headspace. Therefore, the slight activity enhancement is not due to
accumulation of NOx on the ice surface of snow. This physical reason is consistent with the
fact that NO and NO2 show the same behaviour. Indeed, we would have expected that NO2
would accumulate at the ice surface and contribute to more activity along the snow sample via
hydrolysis to NO2– and NO3– . This is nonetheless clearly insignificant compared to the time
scales of diffusion.

6.3.2 Diffusivity of NO and NO2
After the initial stage of advection, when the transport is determined by diffusion only, and if we
assume that no interaction at all takes place with the ice-air interface, the uptake of NOx into
the snow core is described by the theory of diffusion into a finite volume. Knowing the flux of
molecules that diffuses into the finite snow column at the surface layer, the remaining gas phase
concentration in the carrier gas can be calculated. Obviously, the remaining concentration
depends on the flux F of the carrier gas and the dimensions of the sample holder, i.e. the air
volume Vsh of the sample holder and its length L. Following the steps in the Appendix, we
find that the ratio of ingoing over out coming concentration for long exposure times has to
obey the second branch of Equation (6.15),
2
Vsh
cout
=1−
2α e−π αt/4 ,
cin
F

(6.2)

with α = D/L2 . The symbols used in the text are compiled in 6.4.
The effective diffusion constant was determined by fitting Equation (6.2) to the final part of
the diffusion dip. For comparison, theoretical values of Deff can be obtained as follows.
Massman [1998] gives the diffusion constant of NO and NO2 in N2 . By virtue of the
Chapman-Enskog theory, the diffusion constant can be expressed in terms of the reduced
mass
, the typical scale σ and energy ǫ of an underlying Lenard-Jones potential, D ∝
√ M
2
( M σ Ω(ǫ))−1 . Taking the values of σ and ǫ from the compilation of Massman, we can
calculate the diffusion constant of NO and NO2 in our N2 /He/O2 mixture.
With the snow tortuosity values from 6.1, a theoretical diffusion constant can be calculated
according to Equation (6.1).
The correlation between predicted and measured values is shown in 6.5 and values are given
in 6.2. The measurements of effective diffusivity mostly coincide with the expected values.
This proves that our apparatus bears no systematic errors and implies that i) the tortuosity of
porous materials can be inferred from the effective diffusivities measured in the SDC. ii) The
effective diffusivity can be deduced with a spatial resolution of several millimetres from the
tortuosity retrieved from tomographic images.
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Measured Dg,eff [x10-5 m2 s-1]

1.8

NO
NO2

1.6
1.4
1.2
1.0
0.8
0.8

1.0
1.2
1.4
1.6
1.8
Calculated Dg,eff [x10-5 m2 s-1]

Figure 6.5: Diffusivity of NO and NO2 compared with the calculated diffusivity. The dashed line represents the
1:1 line.

Table 6.2: Calculated and measured values of the effective diffusivity of NO and NO2 in fresh snow. The effective
diffusivities are also plotted in 6.5.

Temperature
[K]
NO
232.65
241.75
241.75
252.45
269.15
NO2
232.75
242.65
252.45
269.15
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Dg,eff,x
Measured
[×10−5 m2 s−1 ]

Dg,eff,x
Calculated
[×10−5 m2 s−1 ]

1.50(±0.20)
1.43(±0.22)
1.21(±0.18)
1.35(±0.19)
1.51(±0.21)

1.22
1.30
1.30
1.46
1.62

1.20(±0.18)
1.49(±0.21)
0.88(±0.12)
1.00(±0.14)

1.33
1.32
1.17
1.07
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6.3.3 Diffusivity of HONO
The HONO concentration difference, which exists between the Teflon inlet and the bottom of
the snow sample will lead to HONO transport through diffusion. However, unlike for NO and
NO2 , diffusion might be considerably slowed down due to the interactions of HONO with the
ice. As shown in the Appendix, the gas phase concentration profile of the active HONO can
be calculated by
( s

)
ωHONO γSS,HONO aexp
1
+ λ13 N
,
(6.3)
ng,SS,HONO(x) = n0 exp −x
Dg,sw,HONO
4
vexp
where aexp [m2 ] and vexp [m3 ] are the total ice surface and the total pore volume in the
snow sample. aexp /vexp is related to the specific surface area SSA [m2 kg−1 ] as aexp /vexp =
SSA ρice (1 − Φ)/Φ. The depth of the snow sample is represented by x [m], Dg,sw,HONO [m2 s−1 ]
is the diffusivity of HONO in the pore space of snow, γSS,HONO is the steady state uptake
coefficient, ωHONO [m s−1 ] is the thermal velocity and λ13 N = 1.16×10−3 s−1 is the decay rate
constant of 13N.
Equation (6.3) is similar to the flow tube equation, which was used by Kerbrat et al. [2009]
to analyse HONO experiments where the flow of the carrier gas was driving the transport of
HONO. This was taken into account by the term ugas [m s−1 ] which was the velocity of the
carrier gas in the pore space of the packed bed. In the SDC experiments, this flow is not
present and transport is driven by diffusion only. This is modelled in Equation (6.3) by the
term Dg,sw,HONO. Because the transport of HONO through diffusion is not a linear process, a
square root appears in the exponent.
The steady state uptake coefficient The steady state uptake coefficient, γSS,HONO in Equation (6.3) is defined as the net flux density of molecules to the surface divided by the flux
density of molecules colliding with the surface. It accounts for the adsorption and desorption
processes, which take place on the ice surface, as well as the transfer to the bulk and the bulk
diffusion processes. γSS,HONO can be calculated from a mass balance at the surface. A detailed
derivation was given by Kerbrat et al. [2009]. Under steady state conditions, we have,
(
)
p
∗
4 λ13 N Vstd
D
H
A
b,
HONO
cc,HONO
std
p
Kp0 +
,
(6.4)
γSS,HONO =
ωHONO Astd
Vstd
λ13 N
where Kp0 = (ns,HONO/ng,HONO)(Astd /Vstd ), is the dimensionless standard adsorption partitionp
∗
∗
ing coefficient. The product Hcc,
Db,HONO — where Hcc,
HONO
HONO = nice,HONO /ng,HONO is
the dimensionless effective Henry constant for HONO with ice and Db,HONO [m2 s−1 ] is the
diffusion constant of HONO in the bulk of the ice matrix — can be used to model the uptake
of gases into the bulk of the ice matrix [Huthwelker et al., 2001, 2004, Kerbrat et al., 2009].
Vstd = 3.72×10−26 m3 molecule−1 and Astd = 6.21×10−17 m2 molecule−1 are the standard conditions for a molecule in the gas phase and in the adsorbed phase, respectively, at 298.15 K
and 101 325 Pa [Kemball and Rideal, 1946].
Activity along the snow diffusion chamber. In the case of radioactively labelled molecules,
the measured activity in the snow sample originates from molecules in the gas phase, as described by SDC equation and also from molecules taken up by the ice, as given by (for derivation
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see [Kerbrat et al., 2009])
nice,SS,HONO(x) =

ng,SS,HONO(x) ωHONO aexp
γSS,HONO.
λ13 N
4 vexp

(6.5)

Summing the concentrations of HO 13 NOin the gas phase (Equation (6.3)) and in the ice
(Equation (6.5)), weighted according to their volumetric contribution [Kerbrat et al., 2009],
and introducing Dg,HONO according to Equation (6.1), we obtain
v
"
u
u λ13 τ 2
aexp Vstd
N
A(x) = A0 exp −xt

Dg,HONO Φ vexp Astd



Kp0 +

∗
Hcc,
HONO

p

p

Db,HONO Astd
Vstd
λ13 N

!

#

+1
.


(6.6)

which can be used to model the activity along the SDC.
From Equation (6.6), it can be seen that the transport of HONO into the snow depends
i) on the structure of snow through Φ, τ , and SSA (which is equivalent to vexp /aexp ), ii) on
the diffusivity of HONO in the gas mixture of the experiment through
Dg,HONO and iii) on the
p
∗
D
interactions of HONO with the snow through Kp0 and Hcc,
b,HONO . The snow structure
HONO
(and hence its porosity and tortuosity) of the snow sample used, was accurately measured by
the µCT. The partitioning coefficient Kp0 has been previously measured in the case of ice [Chu
p
∗
Db,HONO in
et al., 2000, Kerbrat et al., 2009] and can be used here. In contrast, Hcc,
HONO
the case of snow and Dg,HONO for our He/N2 gas mixture have not been measured. In a first
approach, we will therefore derive an effective diffusivity from our experiments.
The effective diffusivity
As discussed above, the migration of HONO in snow depends on the snow structure, the
diffusion constant in the gas mixture, and the interaction with the ice. We summarize these
∗
[m2 s−1 ], which describes the observed
effects in an effective diffusion constant Dg,eff,snow,
HONO
net migration velocity. With Equation (6.6), the time and spatial coordinate are coupled, and
the effective diffusivity can be extracted:
∗
Dg,eff,snow,
HONO

=

(

τ2
Dg,HONO Φ

"

aexp Vstd
vexp Astd

Kp0

∗
Hcc,
HONO
p
+

p

Db,HONO Astd
Vstd
λ13 N

!

#)−1

+1

. (6.7)

Equation (6.7) is equivalent to the equation provided by Herbert et al. [2006] which was
used to calculate the effective diffusivity of adsorbing gas diffusing through snow.
The effective diffusivity can directly be retrieved from the migration profiles. This can
be achieved by fitting a two parameter model of the type A(x) = A0 exp(−x/χ), where
∗
/λ13 N )1/2 is the e-folding depth. Before fitting, the background noise
χ = (Dg,eff,snow,
HONO
was subtracted from the measured activity signal. The background value was deduced from
the activity measured at the end of the snow sample, which was not reached by HO 13 NO,
as well as the activity measured after the end of the sample. Therefore, the last 4 cm of the
coincident γ-counter data points were used for the background determination. The result of
such a fit is shown in 6.4 (blue dashed-dotted line, filled points were used in the fit). The fit
starts at the first data point just after the peak maximum to avoid artefacts due to the width
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D*g,eff,HONO [x 10-7 m2 s-1]

1.2

Fresh snow
Aged snow

1.0
0.8
0.6
0.4
0.2
250

255

260
T [K]

265

270

Figure 6.6: Temperature dependence of the effective diffusivity of HONO in fresh and aged snow. Individual
values are given in 6.3.

of the snow-gas interface. Data points with an activity lower than 3σ of the background noise
were excluded from the fit. With our setup, we can study diffusion profiles at temperatures
higher than 250 K. For lower ice temperatures, a strong dilution has to be made to dry the gas
mixture after the ABTS (see above) leading to a low signal-to-noise ratio.
∗
. It
6.6 and 6.3 show the temperature dependence of the effective diffusivity Dg,eff,snow,
HONO
is about 100–300 times smaller than the diffusivity of NOx in the same sample. Interestingly,
∗
, which reflects both gas phase diffusion and uptake of the HONO molecules on
Dg,eff,snow,
HONO
the ice surface, does not feature any significant temperature dependence. Furthermore, there
is no significant difference between the fresh and the aged snow. The reason might be that the
snow surface area per volume is practically equal for both snow types. Aged snow is roughly
twice as dense as the fresh snow, but has only 40 % of the fresh snow SSA, hence the available
ice surface per snow unit volume for aged snow is 80 % of the fresh snow.

6.3.4 Estimation of the steady state partitioning coefficient
∗
The partitioning coefficient, Kp0 , and Hcc,
HONO
state partitioning coefficient. It is given by,

13

Kp

N,SS

=

Kp0

p

Db,HONO can be gathered into the

∗
Hcc,
HONO
p
+

p

Db,HONO Astd
,
Vstd
λ13 N

13N-steady

(6.8)

This steady state partitioning constant for the labelled HONOmolecules corresponds to the
sum of the amount of molecules adsorbed at the ice surface in equilibrium with the interstitial
gas phase and the amount of molecules diffusing into the bulk of the ice during the life time of
13N. If we calculate D
g,HONO at the temperature of the experiments using i) the temperature
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Table 6.3: Effective diffusivity of HONO in fresh and aged snow and the corresponding 13N-steady state parti13
N,SS
∗
are plotted in 6.6 and 6.7, respectively.
tioning coefficient. Values of Dg,eff,snow,HONO
and Kp

Temperature
[K]
Aged snow
251.7
251.8
257.5
261.9
262.4
268.9
269.0
269.0
Fresh snow
252.3
262.3
269.2

13

N,SS

∗
Dg,eff,snow,
HONO
[×10−8 m2 s−1 ]

Kp
[×107 -]

9.7(±2.3)
6.2(±1.6)
4.7(±1.1)
6.72(±0.85)
4.14(±0.81)
7.7(±1.5)
8.2(±1.1)
8.8(±1.1)

6.8(±6.0)
10.8(±9.4)
15(±13)
10.6(±9.9)
17(±16)
9.8(±8.8)
9.1(±8.5)
8.5(±8.0)

6.8(±1.5)
7.99(±0.94)
7.34(±0.82)

10.0(±9.0)
9.1(±8.3)
10.4(±9.8)

dependence of diffusion coefficients given by Massman [1998] ii) the Dg,HONO value measured
13
N,SS
by Hirokawa et al. [2008] (Dg,HONO = 5.7×10−5 m2 s−1 at 294 K), Kp
can be calculated
∗
from Dg,eff,snow,HONO . Because Hirokawa et al. measured their value in a He carrier gas, we
recalculated the diffusion constant of NO and NO2 in a buffer gas consisting of N2 with small
amounts of He and O2 using the known Lenard-Jones parameters of the individual species.
For example, at -20◦ C, Dg,NO × 105 changes from 2.72 to 1.72 (-37 %) when He is replaced by
N2 . Similarly, Dg,NO2 ×105 changes from 2.01 to 1.18 (-41 %). The Lenard-Jones parameters
for HONO are not available, and thus we assume that the diffusion of HONO is reduced by
about 40 % when diffusing in a N2 /O2 /He mixture compared to the diffusion in pure helium,
which yields a diffusion constant of 3.4×10−5 m2 s−1 in N2 .
13

N,SS

∗
is compared to
In 6.7, the temperature dependence of Kp
derived from Dg,eff,snow,
HONO
0
the temperature dependence of Kp obtained from previous flow tube experiments [Kerbrat
13

N,SS

et al., 2009]. Within the experimental error, the Kp
values are similar to Kp0 . While the
data points at T¿255 K are similar to the temperature dependence of Kp0 derived from flow
tube experiments [Kerbrat et al., 2009, Chu et al., 2000], the data at 250 K are below the
expected trend. However, this might still be explained by experimental error.
p
13
N,SS
∗
Db,HONO and
The proximity of the values found for Kp
and Kp0 implies that Hcc,
HONO
therefore uptake into the bulk of the ice matrix is very small or equal to zero. Note that all the
13
N,SS
∗
Kp
values found below the dashed-dotted line would lead to negative values for Hcc,
HONO
p
13
N,SS
Db,HONO. This is physically impossible and is due to experimental error on Kp
and Kp0 .
In our previous packed ice bed flow tube study made with differently prepared ice spheres
13
N,SS
Kerbrat et al. [2009], a strong deviation of Kp
from Kp0 was observed for high temperap
∗
Db,HONO compared to the flow tube
tures. An argument for a significantly lower Hcc,
HONO
experiments could be the density of grain boundaries. In our previous packed ice bed flow
tube experiments, the ice phase has approximately the configuration of close packed spheres,
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Temperature [K]
260

270
20
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ln( Kp13N,SS )

19
18
17
16
3.70

Fresh snow
Aged snow
K0p, PBFT

3.75

3.80

3.85
3.90
1000/T [K-1]

3.95

4.00

13

N,SS

. The dashed-dotted
Figure 6.7: Temperature dependence of the 13N-steady state partitioning coefficient Kp
line summarizes Kp0 as retrieved from a flow tube experiment [Kerbrat et al., 2009]. Individual values are given
in 6.3.

with a coordination number (both hcp and fcc) of 12. Contrary, in the snow samples used in
the present study significantly less grain boundaries are expected. Unfortunately, there is no
experimental data available about the grain boundary density in different snow types.

Appendix
6.A Diffusion of non-interacting gases in the SDC
In this Appendix the mathematical formulation for the diffusion of the non-interacting gases
NO and NO2 in the diffusion chamber is derived. The CLD device measures the concentration
of NOx after the diffusion chamber, so we need to find an expression that describes the uptake
into the diffusion chamber.
Starting with a defined concentration C1 at t > 0 on the snow surface located at X = L,
the gas will diffuse into the initially pure air space in the snow until the concentration in the
diffusion chamber is balanced. At X = 0, the back wall of the sample holder stops further
diffusion. Transforming to dimensionless variables, c = C/C1 , τ = Dt/L2 , x = X/L [Crank,
1979], the problem can be stated as follows:
d2 c
dc
=
on 0 ≤ x ≤ 1, τ > 0
dτ
dx2
and c = 0 for 0 ≤ x ≤ 1, τ = 0
dc
= 0 for x = 0, τ > 0
dx
c = 1 for x = L, τ > 0

(6.9)
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After homogenization of the last boundary condition and separation of variables, the general
solution of this system is found to be
c(x, τ ) = 1 − 2

∞
X
(−1)n

λn

2

e−λn τ cos(λn x),

(6.10)
π
where
λn = (2n + 1)
2
R1
The quantity of interest is the total mass M (τ ) = 0 c(x, τ )dx that has diffused into the sample
after dimensionless time τ . By E(τ ), we denote the ratio of actual taken up mass and steady
state mass:
∞ −λ2 τ
X
e n
M (τ )
(6.11)
= 1−2
E(τ ) =
M (∞)
λ2n
n=0

n=0

To obtain a useful closed form expression we consider the limiting cases τ → 0 and τ → ∞.
For very small times, the above solution must be equal to the easily soluble case of diffusion
into a semi infinite plane. For large times, the summands in Equation (6.11) become negligibly
small and we can keep only the n = 0 term. The crossover time τ = 0.2130 between the two
regimes is determined by minimizing the relative deviation between the two branches (which
is 2.6×10−6 at this τ )

r
τ



for τ ≤ 0.2130
2
π
E(τ ) ≈
(6.12)


 1 − 8 exp −π 2 τ /4 for τ > 0.2130
π2

Knowing the amount of mass that has diffused into the sample holder and thus is missing
in the outgoing gas flow, we can calculate the outgoing NOx concentration by balancing the
incoming flux Jin = cin F on the one side and outgoing flux jout = cout F plus diffusing flux
jsnow = Ṅ (t) = N∞ Ė(t) on the other side:
N∞ Ė(t)
cout
=1−
c1
c1 F
Vsh Ė(t)
=1−
,
F

(6.13)

where Vsh denotes the accessible volume of the sample holder, i.e. the volume times porosity.
With the approximation given in Equation (6.12) and the abbreviation α = D/L2 the time
derivative of E reads
r

 α √1
π t
Ė(t) ≈
(6.14)

 2α exp −π 2 αt/4.
Therefore, our measured data must fit the equations:

L2
1


1 − β √ for t ≤ 0.2130

cout
D
t
=
2

c1

 1 − Vsh 2α exp{−π 2 αt/4} for t > 0.2130 L
F
D

116
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√
√
where β = Vsh α/F π.

6.B Radioactive HONO in the gas phase
6.B.1 Mass balance
If we consider an infinitesimal volume dV = dx×l×h of snow with porosity Φ, then there is a gas
volume dVgas = ΦdV in contact with an infinitesimal surface of ice dAice = SSAρice (1 − Φ)dV .
SSA means the specific surface area of the snow, expressed in m2 kg−1 . The mass balance in
the gas phase under steady state conditions is then given by
Jg,HONO (x + dx) − Jg,HONO (x) = −Jice,HONO(x) − Lg,HONO (x)

(6.16)

where, Jg,HONO is the flux of HONO molecules [molecules s−1 ] through the projected pore area
A⊥,pore = ΦdV /dx, Jice,HONO is the loss to the ice surface dAice and Lg,HONO [molecules s−1 ] is
the loss due to radioactive decay in the volume dVgas . These fluxes can be expressed as,
dng,SS,HONO(x)
A⊥,pore ,
dx
ng,SS,HONO(x) ωHONO
γSS,HONO dAice ,
Jice,HONO (x) =
4
Lg,HONO (x) = ng,SS,HONO(x) λ13 N dVgas .
Jg,HONO (x) = −Dg,sw,HONO

(6.17a)
(6.17b)
(6.17c)

6.B.2 The SDC equation
Plugging Equation (6.17) into Equation (6.16) and dividing by dV , we obtain


d2 ng,SS,HONO(x)
ng,SS,HONO(x) ωHONO γSS,HONO
1−Φ
=
SSAρice
+ λ13 N ,
dx2
Dg,sw,HONO
4
Φ

(6.18)

with the general solution
√

ng,SS,HONO(x) = C1 e

cx

+ C2 e−

√

cx

.

(6.19)

Using the boundary condition ng,SS,HONO(0) = n0 together with the argument that an increasing
solution is physically unreasonable, we find that C1 = 0 and C2 = n0 . After fixing the
constant c, Equation (6.3) is obtained, when the surface per pore volume, SSAρice (1 − Φ)/Φ,
is replaced by the more direct expression aexp /vexp , which has been used in other publications.
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Table 6.4: List of symbols used in the text in alphabetical order.

Symbols
Latin symbols:
aexp
Astd
Cin
Cout
D
Db,HONO
Deff
∗
Dg,eff,snow,
HONO
Dg,HONO
Dg,NO
Dg,NO2
Dg,sw,HONO
F
∗
Hcc,
HONO
jads,HONO
jdes,HONO
Jg,HONO
Jice,HONO
js,b,net,HONO
Kp0
13
N,SS
Kp
L
Lg,HONO
ls,HONO
nice,HONO
ng,HONO
ns,HONO
SSA
T
t
vexp
Vsh
Vstd
x
Greek symbols:
γHONO
λ13 N
ρice
τ
Φ
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Meaning

Units

Total snow surface area
Standard quantity for an adsorbed molecule
Gas phase concentration up-stream of the SDC
Gas phase concentration down-stream of the
SDC
Gas phase diffusion constant
Diffusion constant of HONO in ice
Gas phase effective diffusion constant
Gas phase effective diffusion constant of HONO
in snow
Gas phase diffusion constant of HONO
Gas phase diffusion constant of NO
Gas phase diffusion constant of NO2
Gas phase diffusion constant of HONO in snow
Flow to the SDC
Effective Henry’s law constant
Flux of molecules adsorbing onto the surface
Flux of molecules desorbing from the surface
Flux of gaseous HONO molecules
Flux of HONO molecules onto the ice surface
Net flux of molecules into the bulk of ice
Standard partitioning coefficient
13N-steady state partitioning coefficient
Length of the snow sample
Loss of HO 13 NO in the gas phase due to decay
Loss of HO 13 NO on the surface due to decay
HONO concentration in the ice phase
HONO concentration in the gas phase
HONO concentration on the ice surface
Specific surface area
Temperature
Time
Pore volume of the snow sample
Pore volume of the snow sample
Standard quantity for a gaseous molecule
Distance along the SDC

m2
m2 molecule−1
molecules m−3
molecules m−3

Uptake coefficient
Rate constant of decay of
Density of ice
Tortuosity factor
Snow porosity

13N

m2 s−1
m2 s−1
m2 s−1
m2 s−1
m2 s−1
m2 s−1
m2 s−1
m2 s−1
m3 s−1
molecules m−2 s−1
molecules m−2 s−1
molecules s−1
molecules s−1
molecules m−2 s−1
m
molecules s−1
molecules m−2 s−1
molecules m−3
molecules m−3
molecules m−2
m2 kg−1
K
s
m3
m3
m3 molecule−1
m

s−1
kg m−3
Continued on next page

6.B Radioactive HONO in the gas phase
Symbols
Meaning
Units
ωHONO
Thermal velocity
m s−1
The ‘SS’ subscripts added to the listed symbols denote the Steady State conditions.
The symbol ‘-’ denotes dimensionless.
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7
Summary and Outlook
Summary
In the present work, new insights into the microscopic mechanism of water vapor transport in
snow under a temperature gradient were gained. Direct observation of the process of evaporation and condensation of ice with computed X-ray microtomography allowed the calculation
of mass flux, recrystallization rate per unit volume, and residence time of ice voxels. The
application of cyclic temperature gradients, as found in nature near the snow surface, revealed
that there is a missing piece in the current classification of snow metamorphism.
To use µCT as a tool for studying snow, the reliability of the scans had to be established
first (Chapter 2). To this end, we measured the specific surface area (SSA) of five snow types,
representative of alpine snow, with two different methods: methane gas adsorption and µCT.
The extremely different spatial resolution of both methods — molecular resolution for gas adsorption versus 30 µm effective resolution for µCT— would have revealed possible microscopic
surface features below the resolution of the µCT, since the surface area would be resolutiondependent in the presence of such irregularities. However, the excellent agreement between
both methods up to an SSA of about 700 cm2 g−1 showed that the ice surface was smooth at
the scale of the µCT resolution for all snow types except freshly precipitated particles. Thus,
our µCT could be safely used for the investigation of structural evolution.
The next step was to develop a sample holder that allowed us to subject a snow sample
to arbitrary thermal boundary conditions while it was mounted in the µCT and continuously
scanned (Chapter 3). The challenge was to find a compromise between the conflictive requirements that µCT scanning and stable thermal boundary conditions imposed. Stable, parallel
gradients demand thick insulation. However, the sample chamber of the µCT imposed space
and weight restrictions, and the material was not allowed to absorb X-rays strongly. In addition, spherical symmetry was important to permit subsampling with a field of view that
was smaller than the sample. I could resolve this conflict by using small aluminum cylinders
separated by insulating foam. With this approach, the image quality of the µCT scanner was
not degraded, and the thermal conditions were shown to be well defined.
To quantify the diffusion of water vapor in snow, a method was developed to spatially cor-
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relate subsequent tomograms (Chapter 4). The algorithm assigned each voxel in a tomogram
a displacement vector that maximizes the correlation of the neighborhood with the displaced
neighborhood of the same point in the subsequent image. This approach is well known in fluid
dynamics, but its application to snow metamorphism is new. Applied to constant gradient
(50 K m−1 ) data recorded with a previous model of the snow breeder, the algorithm yielded
mass fluxes on the order of 1.5–3×10−7 kg m2 s−1 , which was slightly below the values that
a continuum model with the diffusion constant of water wapor in air would have predicted.
To exclude experimental errors, a second method to calculate the mass flux was developed
based on finite element simulations on the snow structure. From the steady state temperature
distribution, the concentration field was obtained, and thus the mass flux could be directly
calculated in the pore space. Both methods agreed to within 10 % and to the simple continuum
model, showing that the concept of diffusion enhancement does not exist. Time lapse tomography revealed the dynamics of the metamorphism process, expressed in the short lifetime
of ice voxels of about 3–4 days. The consequence of these dynamics is that TGM cannot be
considered as a coarsening of particles, as has been the case so far. Instead, the grains must
be viewed as a very dynamic population. The independence of the mass flux of structure represents a simplification in the theory of metamorphism. The macroscopic vapor flux can now
be precisely calculated based on the temperature gradient. The enables us to model the mass
redistribution and density changes in a layered snowpack once the temperature distribution is
known.
The logical next step was to apply natural boundary conditions to the snow sample (Chapter 5). Using the sample holder described in Chapter 3, a sinusoidal temperature gradient
was applied to mimic the daily radiative heating and cooling near the snow surface. The
amplitude of the applied gradient was near 100 K m−1 , well above the previously observed
threshold gradient of 20 K m−1 for faceted growth. Despite the high gradient, the resulting
snow morphology looked very similar to equi-temperature snow, but the mass transfer was
immense: about 60 % of the ice structure was transferred once through the pore space within
12 h, two orders of magnitude more than under equi-temperature conditions where transport is
driven by curvature differences. The idea that the morphology is a clear indicator of whether
a temperature gradient was acting or not has to be abandoned. For chemical interactions
with the atmosphere, the non-equilibrium conditions with the high mass turnover might play
a significant role.
Data for chemical uptake under non equilibrium conditions are very sparse. In collaboration
with the radiochemistry group at PSI, we developed a setup to investigate the uptake of NO,
NO2 , and HONO (Chapter 6). The setup was prepared to apply temperature gradients, but in
a first step we investigated the equilibrium uptake of these tracers. For the non-interacting NO
and NO2 , the ice matrix acts only as an “abstacle” for the gas, and the measured diffusivity
could be explained by the tortuosity of the ice matrix that was obtained with µCT. This shows
that µCT can successfully predict the diffusivity of trace gases that do not interact with the
ice. In contrast, since HONO adsorbs on the ice surface, snow behaves like a sponge for HONO.
The considerably slower migration of HONO through snow could be deduced from the activity
profile of radioactively labeled HONO ( 13N, t1/2 ≈ 10 min). Compared to the diffusivity of NO
and NO2 , the effective diffusivity Deff,HONO was two orders of magnitude lower. These results
are applicable in models describing the exchange of HONO between snow and air.
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Figure 7.1: Fraction of faceted surfaces. The three dimensional visualization (a) shows the locations of the
detected facets. The areal fraction of facets with respect to total surface area (b) shows a significant increase in
the middle of the experiment. (Data from T. Theile, personal communication. Visualization by M. Schneebeli.

Outlook
The non-invasive observation of snow metamorphism and modeling based on µCT data are only
starting to be developed. The application in a time-lapse setup revealed fascinating new insight
into the mass transport processes. However, there are many aspects of snow metamorphism
that are not yet understood. For example, the faceting under a constant temperature gradient
does not occur immediately. The onset of faceting can be visually recognized in the time series
(series 2) that was shown in Chapter 4, and image processing can be used to quantify the
fraction of faceted area with respect to total surface area (Fig. 7.1).
The fact that facets were also observed at very low growth rates or even in equi-temperature
metamorphism suggests that the interplay between structure and morphology is more complex. The experiments with alternating gradients showed that fluctuations in the temperature
field inhibit the formation of facets. This leads to the speculation that for facets to grow, the
diffusion field must be stable over a certain time. Using finite element methods together with
time-lapse tomography opens up a new toolkit to investigate these questions. For example,
image processing could be used to locate facets and measure their area. Simulating the temperature distribution within the structure allows correlation of facet growth with spatial and
temporal fluctuations of the diffusion field.
With the simulation of the temperature field, the mechanism of heat transport in the ice/air
mixture could be investigated. When the air is ignored and only conduction in the ice is
considered, an interesting observation can be made. A rule similar to the Pareto principle
(also known as the 80–20 rule) applies to snow: 80 % of the heat is transported by 40 % of
the ice mass. In Fig. 7.2, these 40 % of the ice voxels are shown, the remaining 60 % are
made transparent. It appears that the flow paths become consolidated over time, which is
accompanied by an increase in thermal conductivity. It would be interesting to study the
mechanisms of heat transport in snow in greater detail.
As we have seen in Chapter 4, ice is continuously growing in snow. The uptake of trace gases
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Figure 7.2: The “Pareto principle”
in snow: 40 % of all ice voxels conduct 80 % of the heat.
a) at t=0 h,
b) t=160 h,
c) t=328 h.
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under non-equilibrium conditions is a field where little data is available, but data is crucial
to model atmosphere-snow interactions on a large scale. The comparison of NOx and HONO
transport in Chapter 6 already showed that interaction plays a significant role. The setup that
was used in Chapter 6 was designed to apply non-equilibrium conditions. This means that the
interplay between snow metamorphism and trace gas uptake could be studied. We expect that
measurements of mass flux in a µCT and uptake of chemicals under the same temperature
boundary conditions will provide exciting new results applicable to atmospheric chemistry and
climate modeling.
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Appendix

A
Comparison of structural evolution during sine
temperature gradient, ETM, and TGM
This chapter presents quantitative structural evaluations and comparisons between the different
types of metamorphism. The information given in this Appendix is not crucial for the main
text, but might give supplemental insight.

A.1 Introduction
As stated in Chapter 5, there is currently a classification of snow evolution processes that
distinguishes two cases: equi-temperature and temperature gradient metamorphism.
Both processes have been studied in the laboratory, using X-ray computed micro tomography
(µCT) [Schneebeli and Sokratov, 2004, Kaempfer and Schneebeli, 2007, Spiegel, 2008]. Data
from these experiments can be used to compare the temporal evolution to that of experiments
under a sine gradient.

A.2 Material and Methods
The experiments consisted of simultaneous measurements of macroscopic thermal and microscopic structural data. The sample holder was described in detail in Chapter 3.
The snow was produced in the cold laboratory at SLF. The treatment of the samples and
the filling of the sample holder was described in Chapter 5, where also details about the
experiments and the µCT scans are summarized (see Figure 5.1 for the timing between µCT
scans and thermal boundary conditions).

A.2.1 Microstructural evaluation
The µCT images allow a detailed characterization of the microstructure. Image processing
of the three dimensional volumes yields quantitative measures that are difficult or impossible
to assess with conventional methods like stereology. In particular, I calculated the specific
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surface area (SSA), the structure model index, thickness distributions of ice and pore space,
and the degree of anisotropy (DA). In the following, a short overview of the meaning of these
parameters will be given.
Specific surface area (SSA) is defined as the ratio of ice surface area over ice volume,
SSA =

area of ice-air interface
ice volume

(A.1)

The importance of SSA cannot be overestimated — it has been used to parameterize optical
properties [Flanner and Zender, 2006] and snow-air interactions [Dominé and Shepson, 2002,
Grannas et al., 2007]. Parameterizations of SSA decay in natural snow packs have been derived
by Taillandier et al. [2007]. Kerbrat et al. [2008] used the SSA to prove the reliability of the
µCT device also used in this study by comparing gas adsorption results to µCT determined
values. It is important to note that here the reference volume in the denominator is the ice
volume. In some publications the term SSA is used with reference to snow, i.e. ice plus pore
volume. From three dimensional µCT voxel data, the surface area can be easily extracted with
a marching cubes algorithm.
Structure model index (SMI) is a differential measure of the shape of the structure, defined
by [Hildebrand and Rüegsegger, 1997]:
SMI = 6

S′V
,
S2

(A.2)

where S ′ is the infinitesimal change of surface area when the surface is blown up in the direction
of the surface normals. The pre-factor is introduced to obtain integer numbers for the ideal
geometries plates, rods, and spheres, for which the SMI is 0, 3, and 4, respectively.
Thickness distributions of ice and pore space were calculated with a distance transform.
The algorithm fills the structure with maximal spheres and assigns each voxel the radius of the
largest sphere it belongs to, which results in a volume weighted distribution of local thicknesses
[Hildebrand and Rüegsegger, 1997]. As the local thickness is bounded by the thinnest extension,
the result for intricate structures does not coincide with the classical notion of grain size. For
example, the characteristic size of a plate-like snowflake would be determined by the thickness
of the plate (O(10 µm)) and not by the diameter ((O)(mm)).
Degree of anisotropy (DA) is determined by binning the orientations of the surface normals
into a three-dimensional histogram. Plotting this histogram as a function of spatial direction,
one obtains a spheroid, of which the main axis are determined. The ratio between largest and
smallest main axis intercept is defined as the degree of anisotropy.

A.2.2 Macroscopic thermal conductivity
We recorded averaged thermal data in 5 minute intervals as described by Pinzer and Schneebeli
[2009a] (see Chapter 3).
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By definition, the thermal conductivity is the proportionality constant between heat flux
and temperature gradient,
(qtop + qbot )/2
κeff =
.
(A.3)
(Ttop − Tbot )/h
It is clear that the vanishing gradient in the denominator for t = n × 12 h, n = 0, 1, 2, · · ·
results in very large fluctuations in κeff . Therefore, when κeff was calculated point by point,
we neglected all periods where ∆T < 0.5◦ C, i.e. ∇T < 40 K m−1 .
But even neglecting these periods, calculation of κeff point by point results in large noise —
instead, we used the knowledge of the functional form of the boundary conditions to fit sine
curves of the form


2π
t + φ + f0
(A.4)
f (t) = A sin
24 h

to all four measured quantities. During 24 h the change in amplitude of the measured quantities is negligible, and thus we fitted the curves separately within each subsequent 24 h interval.
Plugging the amplitudes of the fitted curves into Equation A.3, we calculated a mean conductivity for the corresponding 24 h period. This gives a precise value for κeff , depending only on
the goodness of the fit.

A.2.3 Microscopic temperature distribution
The microstructural images can be used to calculate an effective thermal conductivity of the
snow samples [Kaempfer et al., 2005]. To this end, the voxel data is converted to eight node
brick elements, which can be used in finite element programs to solve for the steady state
temperature distribution.
∆T = 0
(A.5)
The boundary conditions for the simulations consisted in fixed temperatures at the bottom
and top nodes, corresponding to a fixed macroscopic temperature gradient (Dirichlet boundary
conditions). If only the ice is taken into account, i.e. the conductivity of air is set to zero, then
the tortuosity factor of the ice matrix can be calculated. Ignoring the air space means that
an additional von-Neumann boundary condition, namely zero flux across the internal ice-air
interfaces, is implemented. Epstein [1989] clarified that the tortuosity, defined as the ratio of
capillary length to sample length, τ = Le /L, in a model of sinuous parallel capillaries, has
to enter the effective transport coefficients quadratically — a fact that is often confused in
published work.
ǫ
(A.6)
κeff = κ 2
τ
Once the steady state temperature distribution is obtained,
the effective conductivity κeff
P
is calculated as κeff = j/∇Tmacroscopic , where j = κice i∈{ice} ∇Ti is the heat flux through
any layer perpendicular to the temperature gradient. Since the temperature distribution is
stationary, the flux through any layer of the geometry has to be equal. Knowing κeff from the
simulation allows the calculation of the tortuosity factor according to Equ. A.6.
Great attention must be paid to consider a subvolume that is large enough to represent the
bulk properties of the material, a so called representative elementary volume (REV). This is
a difficult question, since there are usually several length scales involved in snow. First, for
the mere concept of effective conductivity, a certain amount of structural elements must be
contained in the subvolume. If the subvolume is smaller than this representative subvolume,
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Table A.1: Overview of TGM, AS-TGM, and isothermal experiments

name

ρ
[ kg m−3 ]

∇T †
[ K m−1 ]

T̄
[◦ C ]

duration
[d]

κeff ,0
[ W K−1 m−1 ]

s1
s2
s3

127
245
180

89.4
87.0
127.8

-10.5
-2.3
-2.3

14.6
14.6
15.0

0.238
0.279
0.213

c1
c2
c3
c4
c5

232
213
268
265
311

101.6
17.3
46
55
49

-10.3
-10.5
-8.1
-7.6
-3.4

12.0
16.0
16.0
28.0
12.0

0.223
–
0.18
0.20
–

i1
i2
i3

153
168
162

<0.5
<0.5
<0.5

-3
-9
-19

335
335
335

—
—
—

plot
symbol

† For sinusoidal gradient, this gives the amplitude.

the conductivity will in general be underestimated. This problem has been discussed several
times in the literature in the context of microstructural simulations. Kaempfer et al. [2005]
concluded that, as a rule of thumb, about 15 structural elements in each direction are necessary
to obtain a representative value, corresponding to about (5 mm)3 for their snow type. Freitag
et al. [2002] made serial sections of firn and calculated the effective pore diffusion coefficient.
They found that the cube sides had to be at least 12 mm in each direction for the diffusion
coefficient to converge. The structure is not described in detail, but from the visualization
they provided no contradiction to the above rule of thumb (“15 structural elements”) arises.
In addition to the convergence issue for structure-derived effective transport properties, there
might be a natural variability on the scale of centimeters. This point will be discussed below
in the experimental section (Sec. A.3.3).

A.3 Results
To work out the characteristics of the different thermal boundary conditions, we directly compare typical experiments under sinusoidal temperature gradients, constant temperature gradients and also isothermal conditions.
The three experiments with sinusoidal boundary conditions, described in Chapter 5, are
listed in Table A.1 for reference.
Five experiments were conducted under a constant gradient. The samples c1 and c2 were
bred using the snow breeder described by Pinzer and Schneebeli [2009a]. The precise temperature control of the device allowed the application of a very small temperature gradient (c2 ).
The snow samples c1 and c2 were very similar, the main difference being the strength of the
temperature gradient. Samples c3 to c5 were bred using the device described by Schneebeli
and Sokratov [2004]. These were used in Chapter 3 to calculate the effective diffusion constant
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Figure A.1: The structure model index (SMI) for different experiments (symbols are defined in Table A.1).
The evolution can divided into two classes, decreasing SMI, which is synonymous to faceting, for large constant
gradients and slightly increasing SMI meaning transition to rounded grains for sine gradients and isothermal
snow.

of H2 O in snow. Here, these samples are evaluated with respect to their structural and thermal
evolution. The temperature gradient for those samples was approximately 50 K m−1 , but the
mean temperature was higher (see Table A.1).
Data for isothermal experiments are taken from Spiegel [2008], for comparison with our
experiments. These long term studies involved careful and elaborate shielding from outside
temperature fluctuations and represent a high quality data set.

A.3.1 Microstructural evolution
Grain photographs from a binocular as well as µCT images of the AS-TGM experiment s1
are shown in Figure 5.2 in Chapter 5 — s2 and s3 evolved similarly. The three dimensional
evolution of the TGM experiment c4 is discussed in Chapter 3.
For a quantitative comparison, we first consider the SMI. Figure A.1 shows the SMI as a
function of time, for both the sine gradient experiments and the constant gradient experiments.
Interpolations for the isothermal experiments are also indicated as dashed lines, although on
the time scale considered here only the initial data points would be part of the plot. Two
separate classes can be distinguished readily: all measurements with sine gradient and the low
constant gradient are characterized by a constant or slightly rising SMI, while the SMI for
measurements with strong constant gradient decreases significantly towards 0, the value for
plate-like structures. Morphologically, the sine gradient samples behave like equi-temperature
samples.
While the morphology, expressed in the structure model index, develops significantly different
compared to constant temperature gradients, the decrease of SSA can not be classified so
easily. Figure A.2 shows the decrease of SSA over time, together with fitted curves of the form
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Figure A.2: Decrease of SSA over time. Sine gradients compared to constant gradients.

[Taillandier et al., 2007]
SSA(t) = SSA0



τ
t+τ

1

n

.

(A.7)

It is very difficult to compare the SSA evolutions of different experiments, since many parameters like initial value (SSA0 ), density, strength of temperature gradient, and mean temperature
are expected to influence the SSA decay. Taillandier et al. [2007] reported that they found
two distinct classes of behavior for SSA decrease, TG and ET conditions, by evaluating field
and laboratory experiments. They give two different functions, depending on the parameters
initial SSA of the freshly fallen snow and Tm , the mean temperature of the snowpack. It is
not generally possible to fit their expressions to our laboratory experiments. Interestingly,
while our experiments with large constant gradients exhibit a very bad correspondence with
the function given by Taillandier et al. [2007] (i.e. unrealistically high SSA0 of 4000 cm2 g−1
when used as a fit parameter), the SSA decrease with our sine gradients fits reasonably well
with the equitemperature function of Taillandier et al. [2007]. In addition, when we try to
fit the equitemperature function to equitemperature data from the lab [Spiegel, 2008], we see
that the empirical formula always drops way too fast. Taillandier et al. [2007] do not go into
details of the temperature fluctuations in their isothermal experiments, some of which were
conducted as “table snow” experiments. Therefore, it could be speculated that superimposed
temperature gradients accelerated the decrease of SSA as compared to really isothermal snow.
The size distributions of both the pore space and the ice thickness are shown in Figure A.3.
Note the different time scales for the isothermal experiment and for gradient experiments.
Again, there is a significant qualitative difference between the three cases isothermal metamorphism, constant gradient metamorphism and sine gradient metamorphism. The distributions
in Figure A.3 show that in all cases both ice thickness and pore space grow over time. The
characteristic property is the temporal evolution of the ratio I.T h/I.Sp, which is shown in
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Figure A.3: Size evolution of ice and pore space for isothermal, constant gradient and sine gradient experiments.
As the histograms show, both ice thickness and pore thickness increase over time in every case. However, the
ratio of thickness to pore space shows a characteristic behavior depending on the type of metamorphism. While
at a constant gradient the pore space grows faster than the ice, this changes when the gradient is very low or
sinusoidal. In this case, ice and pores grow almost equally fast, or the ice becomes faster growing. The inset
shows the ratio for isothermal metamorphism, where the diameter of ice grows twice as fast as the pore space.
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the lower right graph in Figure A.3. If the temperature gradient is large enough, this ratio
decreases with time, meaning that the pore diameter grows faster than the structure size.
However, for the sine gradients as well as very small constant gradients, the rate of growth of
ice becomes comparable to or larger than the pore size. The extreme case is equitemperature
metamorphism, where the ice grows more than twice as much as the pore space, but on a very
different time scale — 8 000 h compared to 360 h. During the first 360 h, the equitemperature
samples show a similar behavior than the sine gradient samples. Concerning the thickness
distributions, the sine gradient samples also behave like ET samples.

A.3.2 Macroscopic thermal conductivity κeff
A summary of the evolution of κeff for the sine gradient experiments (s1 – s3 ), normalized
to the initial conductivity, is given in Figure A.4. The 24 h mean values were calculated by
fitting sine functions as described in Sec. A.2.2. The inset in Figure A.4 shows the point wise
calculated five-minute averages of κeff for the sample s1 , to estimate the signal quality. We
give the normalized evolution to compare the thermal conductivity of the sine gradients to the
one of constant gradients, since these show a very similar evolution despite the different initial
values κeff init (see Table A.1).
It is remarkable that for the sine experiments the initial configuration of the structure (during
the first 72 h) seems to change rapidly, expressed in a quickly rising κeff , but approaches a
saturation value at later times. We can record that there is a qualitative difference in the
evolution of the macroscopic thermal conductivity.

A.3.3 Microscopic temperature distribution
The finite element simulations allow the calculation of temperature gradients on the scale of the
voxel size. Figure A.5 compares the spatial gradient distribution of subsequent µCT scans of s1
at the beginning and at the end of the experiment. The macroscopic gradient, expressed in the
temperature boundary conditions for the simulation, was set to 100 K m−1 . Note that locally
the pore space gradient can exceed this macroscopic gradient by several hundred per cent. It
is surprising how dynamic the changes in the distribution are: due to the recrystallization of
the structure the temperature field changes within the 6 h period such that the temperature
gradient fluctuates by an amount comparable to the macroscopic gradient.
If the air conductivity is set to zero, structural changes in terms of the tortuosity factor can
be studied. The results of the calculation of the tortuosity factor τ are show in Figure A.6.
The simulations demonstrate clearly that a periodically inverted gradient does not influence
the (an)isotropy of the structure. Sample s1 had already an initial anisotropy, reflecting the
preferential sedimentation of the precipitation particles [Yamada et al., 1974]. This anisotropy
is reflected in the structural parameter DA. Sample s2 was isotropic in the beginning. Both
samples conserve their initial state of isotropy. Conversely, the constant gradient samples c1
and c2 started in an isotropic state, but developed a strong anisotropy after a few hours. Note
that this transport anisotropy was not reflected in the structural DA.

A.4 Discussion
The geometrical evolution of the sine gradient experiments compared to constant gradient and
isothermal experiments suggests that the classification of snow has to be extended to a third
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Figure A.4: Thermal conductivity evolution (normalized) of sine gradient samples compared to steady gradients.
It is remarkable that the evolution of the constant gradient samples seems very similar in the beginning, although
the initial conductivities vary considerably (Table A.1). The inset shows how large the noise from the individual
five minute measurements is.
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t=0 h

t=318 h

Figure A.5: Spatial distribution of temperature gradients in subsequent µCT scans at the beginning and at the
end of experiment s1 . The time difference between the subsequent scans is 6 h. In the last row the changes
between the two images are coded in colors, decreasing gradient in blue and increasing gradient in red. Note
that due to the recrystallization, in some pores the changes of the gradient are comparable to the macroscopic
gradient, i.e. 100 K m−1 . The coarser the structure gets, the more stable the gradient field (and therefore the
diffusion field) becomes.
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Figure A.6: Evolution of transport anisotropy (i.e. in tortuosity) and geometrical anisotropy (i.e. in DA) over
time. Transport and geometric anisotropy are not correlated.
A constant gradient influences the transport anisotropy of a structure (b), while a sine gradient does not (a).
Note that s2 and c4 were comparable snow types in the beginning, with similar initial structural parameters. s1
was extraordinary since is was comprised of almost fresh snow and had already an initial transport anisotropy
due to the sedimentation of the plate like snow crystals, reflected in the geometric anisotropy (c).
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class, in addition to ETM and TGM (Chapter 5). While large gradients were acting on the
snow samples, they would have had to be classified, from a morphological point of view, as
ET samples. The decrease of the SSA was more dynamic as for ET snow. The fact that
the equi-temperature curve given by Taillandier et al. [2007] could be reasonably well fit to
the decrease of SSA for sine gradients while the real equitemperature data did not drop fast
enough leaves room for the speculation that in field snow the SSA decrease was accelerated by
alternating temperature gradients.
The similarity to ET-like evolution could also be found in the ice and pore thickness distribution. While at constant gradients the pores grew faster than the structure, under sine
gradients the structure grows equally fast or even faster. This might have strong effects on the
stability of the snow pack, as crack propagation could be advanced by large pores.
A striking difference between constant and sine gradient metamorphism is the development of
anisotropy in the case of a constant gradient, that is not reflected in the geometrical parameter
DA. The reason for this difference is found in the way that water mass is transported: in the
constant gradient case the complete structure is dissolved and turned over in about 3 days
(Chapter 4). Under a sine gradient, the skeleton of the structure remains the same, only the
outer shell is eroded and re-condensed (Chapter 5). The effects of anisotropy on shear strengths
are expected to be significant.
The thermal conductivity evolution is significantly different for sine gradients and for constant gradients. The initial rise of thermal conductivity (first 72 h) is not reflected in the
microstructural simulations, so it could be an artifact of the experiment.
Simulations of the temperature field show that initially the gradients change more than at
the end of the experiment. This means that diffusion field is more stable with respect to time.
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