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Quantifying grain-shape changes in snow subjected to large
temperature gradients
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ABSTRACT. Snow-cover models are used in many applications in today’s snow and ice
rescarch. Although physically based models allow the evolution of the internal structure of
the snow cover to be followed very closely, a quantitative and objective description of the
layer texture’s evolution in snow subjected to large temperature gradients is still required,
in order to both improve and verify existing snow-cover models. Based on experiments done
in the cold laboratory as well as on field observations on snow subjected to kinetic-growth
metamorphism, we present new results on the quantification of texture-related parameters.
Problems such as linking objective laboratory work to pragmatic field observations and find-
ing a reproducible method to measure shape-related parameters are discussed. Finally, a
new shape parameter is proposed, zero curvature, which differentiates well between depth
hoar, faceted crystals and snow types with rounded grains. It also shows a pronounced
dependence on temperature gradient.

INTRODUCTION texture-related parameters to enable us to verify quantita-
tively model outputs. Such a tool has been proposed by
Lesaffre and others (1998). We must also link objective meas-
urements to the pragmatic techniques used in the field, as most
valuable verification material is provided by field observations.

In this paper we present new results on the quantification of

Snow-cover models are used in many applications in today’s
snow and ice research. Physically based models allow the
evolution of the internal structure of the snow cover to be
followed very closely. Verification work on flat sites as well

as on slopes (Fierz and Gauer, 1998) has shown the great
potential of these models, some of which are already used
operationally by avalanche warning services (Brun and
others, 1992; Lehning and others, 1999).

One important aspect of snow-cover models is the
accurate modelling of snow metamorphism. Indeed, a
detailed description of layer texture, i.e. the inter-granular
relationship (Colbeck and others, 1990), 1s crucial to many
applications in snow science (e.g. snowdrift (Lehning and
Doorschot, 2000) or electromagnetic properties (Wiesmann
and others, 2000)). Snow-cover modelling thus requires a
good description of metamorphic processes. However, only
a few physically based models include simulation of texture-
related parameters, either parameterizing grain shape
(Brun and others, 1992) or including microstructure par-
ameters (Lehning and others, 1999). Whereas the overall
structure of the snow cover can be well reproduced and
assessed over as long a period as one winter, the description
of layer texture still needs further investigation (Fierz, 1998).

Furthermore, avalanche formation (e.g. Birkeland and
others, 1998) as well as snow—atmosphere interactions and
thereby the feedback between snow cover and climate
(albedo) are quite sensitive to the texture at and near the
snowpack’s surface. Here snow metamorphism is predomi-
nantly governed by varying but large temperature gradi-
ents (kinetic growth), resulting in layer textures as shown
in Figure 1. However, although there are many studies on
near-surface kinetic growth of snow crystals (e.g. Fukuzawa
and Akitaya, 1993; Fierz, 1998), quantification from field
measurements alone is difficult.

On the other hand, we need objective tools to measure
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texture-related parameters, based on the analysis of both cold-
laboratory experiments and field observations on snow sub-
jected to temperature gradients in the range 30-350 Km .
Problems related to verification work will also be addressed.

EXPERIMENTAL SETTINGS
Cold laboratory

Snow collected from most recent snowfalls was sieved into a
well-insulated box with a temperature-controlled heater at

Fig. 1. Subsurface depth-hoar formation on a northeasterly
slope. Note the column-like growth perpendicular to the slope
and the thin but denser layer at the snow surface.
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Fig. 2. Schematic drawing of the insulated box used in the cold
laboratory for snow-metamorphism experiments.
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Fig. 3. Dpical time dependence of the snow temperatures over
the duration of a metamorphism experiment (expervment I in
Table 1). Before applying the temperature gradient, the layer
had a depth of 6 cm and a temperature of —11°C. During the
experiment, the mean temperature gradient over the layer
amounted to 170 Km . After initial settling, snow density
was 120 kgm ™.

the bottom (Fig. 2) (Pielmeier, 1998). The heat was homo-
geneously distributed over the bottom’s surface using heating
elements capped by a stack plate made of aluminium and
plastic plates. The surface temperature was controlled by the
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Fig. 4. Put profile of the topmost 30 cm taken on 23 Fanuary
1998. F is grain shape, E s grain-size in mm, R is hand
hardness, tho is density in kgm > and T is temperature in the
middle of the layer (°C). The layer at =23 cm is a thin melt—
Sreeze layer. Total snow depth was about 135 cm.

air temperature in the cold laboratory. Relative humidity was
quite constant and of the order of 70-80%. The initial inten-
sity of the temperature gradient was set by adjusting surface
and bottom temperatures as well as the snow layer’s thick-
ness, but aiming at a temperature around —10°C in the
middle of the sieved snow layer. Temperatures at the bottom,
in the middle of the layer and at the snow surface were moni-
tored using type K thermocouples (Figs 2 and 3). Samples for
measurement and analysis were taken periodically from the
middle of the snow layer. Six experiments were performed, as
summarized in Table 1. In the following, however, we will
concentrate on results for experiment 1.

Fieldwork

The fieldwork was carried out on the 30-34° steep, north-
westerly and windward slope of Gaudergrat, a well-
equipped test site of the Swiss Federal Institute for Snow
and Avalanche Research (Gauer, 1998). After a snowy
period with strong winds, we followed the evolution of the
topmost 30cm of the snowpack over 14 days. The snow
profile taken on 23 January 1998 shows the strong influence
of wind on the snowpack structure during the previous
snowfalls, as very dense, wind-hardened layers alternate
with softer and less dense ones (Fig. 4). From our obser-
vations the previous day, we may also infer that wind caused
the density in the topmost 2 cm to increase by a factor of at
least 2, as well as the formation of a very thin, crust-like
layer at the surface. No more new snow was deposited on

Table 1. Characteristics of the six experiments performed in the cold laboratory

Experiment Temperature gradient Snow density Grain shape* Layer thickness  Duration
No. (after initial settling ) (after initial settling ) (at beginning ) (at beginning )
Km' kg m m d

1 120 130 Fragmented/decomposing 0.12 13
2 140 180 Fragmented/decomposing 0.11 4
3 150 180 Fragmented/decomposing 0.11 6
4 150 290 Small rounded particles 0.06 4
5 170 120 Fragmented/decomposing 0.06 13
6 350 110 Precipitation particles 0.07 4

“Colbeck and others (1990).
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Fig. 5. Nivo-meteorological parameters measured half-hourly
by an automatic weather station at the Gaudergrat site. The
station is located on the northwesterly slope, near the location

of the put profiles.

the slope during the observation period of mostly clear
weather and calm winds. We note that the temperature both
at the surface and 30 cm below it were quite constant after
27 January 1998, resulting in a bulk temperature gradient of
the order of 30 K m ' over at least 9 days (Fig. 5). No direct
solar radiation affected the sun-shaded slope, and the dif-
fuse incoming shortwave radiation recorded on the slope
amounted to about 100 W m ? at midday.

METHODS
Cold laboratory and field

Besides snow temperatures, measurements in the cold la-
boratory included snow density, grain-size by sieving as well
as grain-size and grain shape by visual characterization
(Colbeck and others, 1990). Further, snow samples were pre-
pared for serial section analysis, and digitized pictures of
disaggregated snow samples were analyzed using an
image-processing system. For the latter analysis, on the
order of 30—100 grains or objects are processed. In the field,
in addition to the usual pit-profile measurements (see Iig. 4),
we collected disaggregated snow samples, conserving them
in sub-freezing iso-octane for subsequent image analysis in

the cold laboratory (Brun and Pahaut, 1991).
Image analysis

Lesaffre and others (1998) describe in detail a way of objec-
tively characterizing disaggregated snow samples by means
of image analysis. Apart from geometrical parameters
obtained routinely from image-processing software, the
method requires calculation of the curvature in each pixel of
the extracted grains contours. Thus, in addition to an inde-
pendent and objective determination of grain-size, we may
obtain information on shape-related parameters such as den-
dricity and sphericity (Brun and others, 1992). Dendricity tells
us to what extent the snow may be described as consisting of
new snow, fragmented or decomposing particles. It varies
from 1 for new snow to 0 for snow with no recognizable pre-
cipitation particles. Sphericity, on the other hand, describes
how far snow grains are either faceted (e.g. depth hoar) or
rounded (small grains and wet grains), ranging from 1 for
fully rounded to O for fully faceted grains. In the framework
of Lesaffre and others, (1998), sphericity does not cover the full
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Fig. 6. Frequency distribution of curvature for all pixels of
analyzed disaggregaled samples at the beginning and end of
experiment 1 (¢f- Fig. 7; Table I).

range of variation of its underlying calculated parameter,
namely, the standard deviation of positive curvature divided
by the mean positive curvature taken over all pixels of a grain
contour, SDC/mean. For comparison purposes, however, we
will use SDC/mean as well, especially when dealing with a
parameter we termed “zero curvature”. Zero curvature repre-
sents the percentage of contour pixels in which the absolute

1

Field study: layer C

Fig. 7. Disaggregated snow grains at the beginning (left) and
the end (right) of either an experiment in the cold laboratory
or the observation period in the field. All pictures are on the
same scale (10 mm X 10 mm ), and legends refer to either Table
1 or Figure 4. For corresponding calculated parameters, see

Table 2.
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Table 2. Calculated and observed grain-shape and grain-size parameters

Layer Time Shape Dendricity*  Sphericity*  Zero curvature Mean grain-size
visualt Visualt Steve Area Diameter CEN®
%

Lab. exp. 1 Start Il 0.66 0.18 09 0.75-1.00 1.07 0.70 0.50

End OA 0.14 0 37 2.00-3.00 222 3.05 2.35 1.37
Field lay. A Start [y 0.23 0 1.4 1.00-2.00 1.65 1.46

End oo 0.08 0 1.7 0.75-1.00 1.52 1.37 0.83
Field lay. C Start (] 0.17 0.10 1.2 1.50 1.28 112 0.61

End o 0.07 0 1.9 1.00 1.52 141 093

Notes: Shape was determined visually," dendricity and sphericity according to the Centre d’Etudes de la Neige (CEN) method* and zero curvature is discussed
in the text. Mean grain-size was inferred from visual characterization,’ the mean by sieving, the mean of the equivalent grain-area diameter (area), the
mean of the grain’s average diameter (diameter) and by the CEN method*.

Lesaffre and others (1998).
T Colbeck and others (1990).

curvature is <0.03 (Fig. 6), in other words the percentage of
straight portions on the grain’s contour. Typically, zero curva-
ture will be of the order of 4% for depth hoar but <1% for
already rounded, decomposing particles (Fig. 6).

SIMULATION

'To simulate the snow-cover evolution both in the cold labora-
tory and in the field, we use the newly developed Swiss model
SNOWPACK (Lehning and others, 1999). In addition to mi-
crostructure parameters such as bond size and co-ordination
number, the model simulates the evolution of shape-related
parameters using the empirical formulation for changes in
dendricity and sphericity introduced by Brun and others,
(1992). For temperature gradients of >5Km ', the rate of
change per day 1s the same for both dendricity and sphericity,
namely,

_ 103
—2 % 10%exp (%) AT, (1)

where T is snow temperature in K and AT is temperature
gradient in Km . It is also important to note that, as long
as dendricity is larger than zero, grain-size is set arbitrarily
to 0.4 mm and grains are not allowed to grow. Grain growth
1s governed by the water-vapour flux resulting from the tem-
perature gradient (Baunach, 1999; Satyawali, 2000).

Initial profiles were deduced either from measurements
taken in the cold laboratory at the beginning of an experi-
ment or from a pit profile taken in the field (Fig. 4). Using
the coarse classification of grain types given by Brun and
others (1992) in terms of dendricity and sphericity, shape
parameters and grain-size were thereby inferred from visual
characterizations of the grains. Simulations were run using
Dirichlet boundary conditions, i.e. prescribing both the sur-
face temperature and the temperature either at the bottom
(laboratory; Fig. 3) or at =30 cm depth (field; Fig. 5). For the
field run, shortwave radiation had to be taken into account
as well, because it represents a source term to the energy
balance within the snow cover.

To verify model outputs relating to grain shape, we will rely
mainly on the objectively determined parameters described
above.
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RESULTS AND DISCUSSION

Table 2 shows selected results for grain-shape parameters as
well as grain-size as obtained by image processing. Corres-
ponding sample pictures of the disaggregated snow analyzed
at the beginning and the end of either an experiment or
observation period are shown in Figure 7. We first note that
the dendricity calculated according to Lesaffre and others
(1998) does not reach zero for any of these samples, even
though the snow was subjected to temperature gradients of
>30K m ' for about 2 weeks! However, Lesaffre and others
(1998) state that this parameter depends on how well single
grains are separated from each other. This problem of grain
arrangement may be aggravated by the development of
depth hoar into columns of grains that do not readily separ-
ate (see Fig. 1). In our experience, preparation of disaggre-
gated snow samples is bound to encounter these problems.
Therefore, in spite of its simple geometrical interpretation,
dendricity evaluated this way will depend on sample prep-
aration and might be quite misleading. By contrast, the mean
positive curvature taken over all pixels of the grains’ contours
1s almost insensitive to grain arrangement, providing a sound
basis to the calculation of sphericity.

Regarding grain-size, the mean obtained by sieving
agrees quite well with those inferred from area or diameter
measurements. While the latter finding is not surprising in
view of past work in sedimentology (Baba and Komar, 1981),
we note also a close agreement with the visual estimation of
grain-size, and thus with the field method. Indeed, we ob-
serve a tendency of fieldworkers to give a lower limit on
grain-size that matches quite well values that are objectively
measured by either sieving or image analysis (Table 2). This
consistency is useful for further verification work as we may
now have confidence in using results obtained by various
methods. Indeed, for verification work we often have to deal
with pit-profile information without being able to analyze
preserved snow samples. Finally, we note that the method
of Lesaffre and others (1998) persistently underestimates
grain-size compared to both other calculated values and
the visual estimates.

Besides using “robust” parameters to describe shape and
size, we should also know their dependence on various fac-
tors governing snow-cover evolution in order to improve
snowpack modelling. The strength of the temperature
gradient is such a factor, especially for four near-surface pro-

cesses (Fukuzawa and Akitaya, 1993; Fierz, 1998). Tor gradi-
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Fig. 8. Sumulation resulls for the field case-study. The layer
labelling refers to Figure 4. Note that simulated grain-sizes
(bottom ) are compared to values measured by image analysis
( symbols ).

ents around 40-50 Km ', our knowledge may be sufficient
for satisfactory simulation of shape and size evolution. This
may be seen in Figure 8, which summarizes the results of the
simulation run for the field. As the gradient is of the same
order of magnitude both at the surface and 30 cm below it,
the parameters for layers A and C behave quite similarly.
This may be attributed principally to temperatures below
—15°C in both layers.

Dendricity and sphericity of layer A being equal but non-
zero at the beginning of the run, they both decrease at the
same rate (see Equation (1)). Only once dendricity reaches
zero are the grains of layer A allowed to grow, starting at the
arbitrarily set size of 0.4 mm. Thus, for layer A, only the trend
of the simulated grain-size may be compared to the values
obtained from image analysis. In layer C, by contrast, there
is good agreement between measurements and simulation. It
1s also noteworthy that both studied layers are topped by den-
ser, crust-like layers that may act as a barrier to vapour trans-
port, providing a plentiful supply of water vapour.
Nevertheless, not much growing is observed, probably
because temperature is quite low and the recrystallization
process has already slowed down markedly.

Figure 9 shows both dendricity and sphericity for labora-
tory experiment 1 (gradient 120 Km ' density 120 kgm *;
duration 13 days). The initial values for the simulation were
estimated from our visual characterization and the coarse
classification in terms of dendricity and sphericity according
to Brun and others (1992). The large discrepancy between
these values and the objectively determined parameters indi-
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Fig. 9. Comparison of simulated grain-shape parameters
with values inferred from image analysis. The sumulation is
Jfor laboratory experiment 1 ( see lable I).

cates that verification of simulated shape parameters will be
more difficult than for grain-size. Furthermore, the large dif-
ference in values for both measured parameters is inconsistent
with the scheme proposed by Brun and others (1992). On the
other hand, it is quite obvious that the measured dendricity
shows a large bias until the end of the experiment, even if we
start with a value of 1 for the simulation. This may be due to
grain-arrangement effects at the beginning and to chains of
depth hoar that were not disaggregated at the end of the ex-
periment. Therefore dendricity measured this way may not
discriminate well enough between both new snow and frag-
mented particles, on the one hand, and well-faceted shape
types, on the other hand. The idea of characterizing precipi-
tation and fragmented particles with one dedicated par-
ameter such as dendricity remains very appealing. However,
for snow-cover modelling and its verification, a more repro-
ducible parameter than dendricity is needed.

The initial discrepancy between measurement and sub-
jective classification also makes it difficult to verify the be-
haviour of sphericity. However, from further visual
characterizations we would fully support the suggestion
that sphericity goes very rapidly to zero. This may again in-
dicate that we need to refine the classification scheme relat-
ing observed grain shapes to their simulated parameters.
Furthermore, once zero, sphericity does not reveal much
about the possible evolution of grain shape or texture under
sustained temperature gradients. Along these lines we

Table 3. Relative increase per day of zero curvature and SDC/
mean as a_function of temperature gradient. Both parameters
are related to sphericity

Layer d7]dz Relative increase
Lero SDC/mean*
Km™ %d! %d!

Pielmeier! 30 12 038
Lab. exp. 1 120 27 3

Lab. exp. 6 350 115 9
Field lay. A 30 22 0
Field lay. C 30 4 0.6

* Lesaffre and others (1998).
' Pielmeier (1998).
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Fg. 10. Zero curvature, 1.e. percentage of pixels in which the
absolute curvature is < 0.05: dependence on applied tempera-
ture gradient. The possibility of differentiating among grain
shapes is also shown. The experiment at 30 K'm ' refers to
the work by Pielmeier (1996).

looked more closely at the parameter underlying sphericity,
namely, SDC/mean. Unfortunately, SDC/mean does not in-
crease more than 9% d ' for a temperature gradient of
350 Km ' (see Table 3), which is about the magnitude of
the error on its calculation. Zero curvature, however, which
represents the percentage of contour pixels in which the ab-
solute curvature is <0.05, shows a strong dependence on
temperature gradient, as we would expect for a parameter
related to shape. Indeed, its rate of change increases from
12%d " to >100% d ' as the gradient varies from 30 to
350 Km ' (Fig 10; Table 3). Zero curvature also differenti-
ates quite well between depth hoar, faceted crystals and
snow types with more or fully rounded grains (Fig. 10). The
ability to discriminate between large depth-hoar grains and
smaller faceted crystals may be due to the fact that zero cur-
vature is intuitively related to grain-size: as crystals grow,
the straight portions of the contours grow longer, whereas
the number of corners remains almost constant. Thus the
percentage of pixels in which curvature is zero increases
with ongoing kinetic growth of the crystals.

At this stage, it is too early for us to give a full account of
this parameter that would enable it to be used in a snow
model. But, being based on the calculation of curvature, it
1s “robust” regarding grain arrangement for image proces-
sing and we will study its behaviour further.

CONCLUSIONS

We measured grain shape and grain-size under strong tem-
perature gradients both in the laboratory and in the field.
Image processing of disaggregated snow samples allowed
us to quantify our observations in an objective way. Thereby
we confirmed that some parameters are quite dependent on
grain arrangement.

Moreover, we started to look at a new parameter, zero
curvature, that is quite insensitive to grain arrangement for
image processing. Zero curvature shows a strong depen-
dence on temperature gradient and is promising regarding
differentiation among various grain shapes.

Verification of snow-cover simulations including grain-
shape parameterization is difficult for various reasons. First,
the objective determination of the parameters (e.g. dendri-
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city) from disaggregated snow samples is problematic. Sec-
ond, our scheme relating observed grain shape to its
counterparts in snow-cover modelling must be refined.
Third, we need to know more about the behaviour of these
shape parameters under sustained and large gradients.

The results obtained so far and further experiments,
however, should allow us to improve our understanding of
snow metamorphism under large temperature gradients
and thereby improve modelling of near-surface processes
in the future.
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