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ABSTRACT. Shadowgraphy was employed to study snow saltation in boundary-layer wind tunnel

experiments with fresh, naturally deposited snow. The shadowgraphy method allowed for a temporally

and spatially high-resolution investigation of snow particle characteristics within a measurement area of

up to 50mm� 50mm. Snow particle size and number characteristics, and their variation with height in

the saltation layer, were analysed. The following observations and findings were made for the saltation

layer: (1) the particle number decreases exponentially with height, (2) the mean particle diameter is

fairly constant, with a very slight tendency to decrease with height, (3) the maximum particle diameter

decreases linearly with height, and (4) the snow particle size distribution can be adequately described

by gamma probability density functions. The shape and scale parameters of the gamma distribution were

found to vary systematically, though only slightly, with height over ground and between experiments

with different snowpack characteristics.
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1. INTRODUCTION

Saltation is an important transport mechanism in drifting
snow and is considered to accomplish the bulk of snow mass
transport (e.g. Kind, 1990). It is generally estimated that 50–
75% of the total mass transport of snow is accomplished by
saltation. Typical transport rates range from 0.001 to
0.03 kgm–1 s–1, with mass concentrations between 0.1 and
1 kgm–3 (Takeuchi, 1980; Pomeroy and Gray, 1990; Gauer,
2001). The fraction of saltation of the total snow mass
transport depends on the wind shear velocity at the surface
and on the wind speed above ground. For low and medium
wind speeds, it accounts for the majority of the total
transported snow mass. Liston and Sturm (1998) estimate
that for shear velocities below �0.45m s–1 the transport of
snow by saltation is larger than that by turbulent suspension.
Apart from its relative importance in the total snow mass
transport and more fundamentally, saltation constitutes a
lower boundary condition for drifting snow when saltating
particles are entrained by turbulent eddies and enter into
suspension (e.g. Radok, 1968; Pomeroy, 1989; Xiao and
others 2000). For this reason, insights into particle dynamics
and characteristics in the saltation layer play an important
role for the understanding and modelling of the snow
transport in turbulent suspension.

The thickness of the saltation layer depends on the shear
velocity at the surface (e.g. Greeley and Iversen, 1985) and is
typically <50 to 100mm. Since this is rather large or small
compared to the dimensions and detection resolution of
measurement devices usually employed in studies of drifting
snow (e.g. Snow Particle Counter SPC (Sato and others,
1993), compartment traps (e.g. Schmidt, 1986) or the
FlowCapt sensor (Chritin and others, 1999)), a detailed
height-resolved analysis of the saltation layer structure is

difficult or even impossible to obtain. A detailed height-
resolved analysis requires the application of other measure-
ment techniques such as laser visualization and image-
processing techniques, as previously employed for the study
of aeolian transport of sand and PVC particles (e.g. Dong and
others, 2003; Cierco and others, 2008; Creyssels and others,
2009). As a consequence, less knowledge of snow particle
characteristics and dynamics (e.g. number or mass concen-
tration, size and velocity, and their variation with height) is
available, and as a surrogate, uniform particle characteristics
in the saltation layer are commonly assumed. The snowdrift
models of Liston and Sturm (1998) and Naaim-Bouvet and
others (2010), for example, assume a uniform snow mass
concentration profile within the saltation layer. Doorschot
and others (2001) and Doorschot and Lehning (2002) operate
with a single snowparticle size in their snow transport model.

To the best of our knowledge, there exist only a few
studies in which the height variation of snow particle size
characteristics or dynamics in the saltation layer has been
addressed. Sugiura and others (1998) measured particle size
distributions and snow mass fluxes at different levels
between 16 and 61mm above the snow surface for different
shear stress velocities in a cryospheric wind tunnel. Their
results show an increase in the frequency of smaller particles
and an exponential decrease in the snow mass flux with
height. Nishimura and Hunt (2000) and Gordon and others
(2009) report exponentially decreasing snow mass concen-
trations for the saltation layer.

In contrast, measurements of particle size characteristics
above the saltation layer and within the lower few meters of
the atmospheric boundary layer have been undertaken more
frequently (e.g. Schmidt, 1982; Schmidt, 1984, 1986; Gor-
don and Taylor, 2009). Schmidt (1982) measured particle size
characteristics of blowing snow at six levels within 1m above
the ground. He found a decrease in the mean particle
diameter with height where the particle size distribution at
each height level could adequately be described by gamma
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probability density distributions. Gordon and Taylor (2009)
also reported a decrease in the mean snow particle diameter
with height and size distributions that can be fitted by gamma
probability density distributions.

In this paper, snow particle size characteristics and their
variation with height in the saltation layer are analysed. The
novelty of this study is the detailed height-resolved analysis
which is, to the best of our knowledge, unprecedented. The
aim is to contribute to a better understanding and improved
modelling of snow transport. The paper is structured as
follows: The experimental set-up and the measurement
technique are explained in Section 2. The measurement
results, i.e. vertical profiles of particle number, particle size
characteristics and particle size distribution, are presented
and discussed in Section 3, followed by a summary and
conclusion in Section 4.

2. METHODS

2.1. Boundary-layer wind tunnel and saltation
experiments

Snowdrift experiments were performed in the boundary-
layer wind tunnel of the WSL Institute for Snow and
Avalanche Research SLF (Clifton and others, 2006). The
wind tunnel is accommodated in a non-heated building at
1650m a.s.l. and is an open-circuit suck-down type,
operated with fresh outdoor air. It has a total length of
17m and consists of an inlet contraction followed by a 6m
long fetch that can be used for the arrangement of flow-
conditioning devices and an 8m long test section (see
Gromke and others, 2011, fig. 1). The ceiling in the flow-
conditioning part and test section is adjustable to control the
stream-wise pressure gradient. The cross section has
nominal dimensions of 1m�1m.

For our experiments, an 8m long, 1m wide snowpack of
0.10–0.15m thickness was placed in the test section. The
snowpack was assembled by four trays of 2m length and 1m
width. Prior to each experiment, the trays were placed
outside the building in a wind-sheltered, sun-shaded area so
that, during a snowfall, they were homogeneously filled with
naturally deposited snow (see Gromke and others, 2011,
fig. 2). The trays were then carefully positioned in the wind
tunnel test section. By means of lifting tables in the test
section, the snow surface was flush-mounted to the floor
level of the upwind flow-conditioning part. This type of set-
up and procedure has been successfully employed in the
past for various boundary-layer flow studies over snow (e.g.
Clifton and others, 2006; Clifton and Lehning, 2008; Guala
and others, 2008; Gromke and others, 2011).

For the present snow transport investigations, no flow-
conditioning devices (e.g. spires or ground-mounted rough-
ness elements) were employed in the fetch. The experiments
were performed with a smooth floor fetch followed by
snowpacks that were collected during snowfalls immedi-
ately before the experiments. The snow grains were of stellar
crystal shape with sizes between 0.5 and 2mm. In total, four
erosion experiments organized in two measurement series
with different snowpacks were performed. In each measure-
ment series, two experiments with the same snowpack were
performed for constant free-stream velocities U� ranging
from 9 to 10m s–1 (hereafter referred to as exp. 1a, exp. 1b
and exp. 2a, exp. 2b). These velocities guaranteed snow
transport with distinct saltation throughout the experiments.
The total depletion of snow by erosion in the measurement
section was <5mm within each measurement series. The air
temperature in the boundary-layer wind tunnel during the
first and second measurement series was fairly constant at
–1.4� 0.18C and –4.5�0.28C, respectively. The boundary
conditions of the experiments are summarized in Table 1.

2.2. Measurement technique

Shadowgraphy was applied to study snow particle size
characteristics. The shadowgraphy system consisted of a
diffuse-area light source and a complementary metal oxide
semiconductor (CMOS) camera (LaVision, 2010) positioned
on opposite wind-tunnel side-walls (Fig. 1). The CMOS
camera recorded shadow images of the snow particles
passing the illuminated volume with an aperture exposure
time of 0.0001 s and a frame rate of 50Hz. Image recording
was controlled in the DaVis 8 hardware and software
environment (LaVision, 2011a). The camera focal plane was
located at the centre axis of the wind tunnel with a field of
view of approximately 50mm�50mm in the first measure-
ment series and 25mm�50mm (horizontal� vertical) in
the second. With a CMOS chip consisting of 1024�1024
pixels, this resulted in a resolution of 20 pixelsmm–1, i.e. the
smallest resolved snow particle diameter is �0.05mm.
Notice that the focal plane depth is not of interest for this
study as long as it is multiple times larger than the saltating
snow particle sizes and a depth-of-field (DoF) correction
(see Section 2.3) is applied.

The optic system was checked for angular distortion
effects. To this end, a transparent scale was positioned in the
focal plane and photographed. An analysis of the scale bar

Table 1. Experiment boundary conditions and measurement
parameters

U� Tair Number of
frames

Recording
time

FoV*

m s–1 8C s mm

exp. 1a 10.0 –1.4�0.1 1500 30 50� 50
exp. 1b 9.5 –1.4�0.1 3000 60 50� 50
exp. 2a 9.0 –4.5�0.2 6000 120 25� 50
exp. 2b 10.0 –4.5�0.2 6000 120 25� 50

*Field of view (horizontal� vertical).

Fig. 1. Measurement technique and set-up in the wind tunnel.
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spacing in the centre and at the border of the picture
revealed no measurable differences. Thus, possible distor-
tion effects introduced by the optics were considered to be
insignificantly small.

To capture the entire saltation layer with an estimated
height of 100mm by the given field of view with 50mm
vertical extent, the camera was shifted along a vertical
traverse and fixed at three different positions for recording.
The positions were chosen such that there was always an
overlap among the recording sequences. During the first
experiment of the first measurement series (exp. 1a), 1500
frames per sequence (camera position) were recorded,
giving a measurement time of 30 s each. Since the saltation
activity, i.e. the number of particles in saltation, was reduced

following the erosion of the upper freshest and relatively
unbounded snow layer, 3000 frames per sequence (60 s)
were recorded in the second experiment of this series (exp.
1b). For the second measurement series, 6000 frames per
sequence (120 s) were recorded during the first and second
experiments exp. 2a and exp. 2b. The measurement
parameters of the experiments are summarized in Table 1.
The decrease in snow surface level during erosion was
accounted for in the subsequent evaluation by linearly
distributing the snow surface height difference between the
first and last images of a recoding sequence.

2.3. Image processing and evaluation

Figure 2 shows a recorded raw shadow image (top) and the
processed and evaluated image (bottom) of saltating snow
particles just above the snow surface. Only snow particles
that appear sufficiently sharp and dark are recognized and
contribute to the particle size statistics. These particles are in
their focal plane, whose depth in the present experimental
set-up with the diffuse-area light source scales linearly with
the particle size itself. This means that smaller particles are
underrepresented relative to larger particles. In order to
remove this bias, a DoF correction (Kim and Kim, 1994) was
applied on particle size classes in a subsequent MATLAB
evaluation upon the image processing and basic evaluation
described in the following paragraphs. In the DoF correction
the number of particles of each size class was multiplied by
a correction factor, which is the ratio of an arbitrary
reference size class diameter to the size class diameter
under consideration. In this way, corrected numbers of snow
particles per size class were obtained. It is noted that the
DoF correction performed here did not serve the purpose of
determining the actual depth of the focal plane as a function
of particle size. The actual depths, which remained
undetermined, and the arbitrary reference size class diam-
eter were not relevant for the particle size analyses
presented in this study. However, the actual focal plane
depths are required for concentrations of snow particle
number or mass, or for mass flux analyses.

The image processing and basic evaluation was per-
formed in the software environment DaVis 8 (LaVision,
2011b). The fundamental steps together with recom-
mendations for the choice of parameter settings required
in the image processing and evaluation are described in the
supplier’s shadowgraphy manual (LaVision, 2011c). The
parameter settings comprise filter types and attributes,
threshold values or bounds of image substructure attributes
for particle recognition and particle-sizing algorithms.
However, to a certain degree the final results are sensitive
to the chosen parameter settings in the image processing and
evaluation steps. To assess their impact on the final results,
the parameter settings were systematically varied and the
influence is described below.

For the sensitivity analysis, a total of 12 different
evaluation runs were performed on the first sequence
(lowest camera position) of exp. 1a. To begin with, a probe
sensitivity analysis was carried out to determine parameter
settings producing the strongest variability in the results. The
following parameter settings were varied:

the radius of the filter kernel for the background light
calculation (45, 60, 75 pixels),

the threshold level of pixel intensity to be considered as
part of a particle (40%, 50%, 60%),

Fig. 2. Shadowgraphy raw image (top), and processed and
evaluated image (bottom).
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the low and high pixel-intensity levels for the determin-
ation of particle properties such as diameter and
centricity (30/70%, 40/60%, 50/50%).

Notice that the chosen options and settings are partly
software-specific, and their transfer to other image-proces-
sing and evaluation environments may not always be
straightforward. However, to maintain transparency the
variations in the parameter settings are explicitly given here.

Figure 3 shows the variation of the normalized mean
diameter dþmeanwith height above the snow surface as
obtained from the 12 evaluation runs. The mean diameters
were normalized with respect to the average mean diameter
over all heights and evaluation runs. It can be seen that the
different parameter settings did not strongly affect the mean
snow particle diameter. In general, the deviation from the
average mean particle diameter is <5%. The absolute
variation is of the order of the CMOS chip resolution, i.e.
�0.05mm.

In contrast, the parameter settings strongly affected the
total number of detected snow particles, with almost a factor
two difference between the minimum and maximum
number of particles. This strong variability is without
consequence for the analysis of snow particle size char-
acteristics and their height profiles; however, it affects the
outcomes in terms of absolute particle number and thus
concentration of snow particle number and mass, as well as
mass flux.

Based on the sensitivity analysis, the following parameter
settings for the image processing and evaluation were
chosen: 45 pixels for the radius of the filter kernel for the
background light calculation, 50% for the threshold level of
pixel intensity to be considered as part of a particle, and
40/60% for the low and high pixel-intensity levels for the
determination of particle properties. The mean particle
diameters obtained with these settings are indicated in
Figure 3 by the thicker solid line which lies fairly well
centred within the line ensemble.

3. RESULTS AND DISCUSSION

3.1. Snow particle number

From the recordings, the first 100mm above the snow
surface accommodating the saltation layer was analysed.

This area was subdivided into 20 height-level intervals of
5mm. The lowest height level (0–5mm) was excluded from
the analysis since it was covered by the snow surface behind
the focal plane on the images (Fig. 2).

Figure 4 shows the particle number per height level
normalized by the maximum particle number in the
5–10mm height level (lowest evaluated height level). It
can be seen that the particle number decreases rapidly with
height and seems to follow an exponential relation. At a
height of �45mm, the particle number is reduced to �1–3%
of that at the near-surface 5–10mm height level. The larger
scatter in the upper height levels (z >75mm) is due to the
small numbers of particles detected, which do not provide a
sufficiently large database. The discontinuities in the particle
number between height levels 35–50mm and 70–85mm are
due to the different saltation activities during the recording
sequences. Because of less sintering of the fresher grains at
the top of the snowpack, the saltation activity was relatively
strong at the beginning of a measurement series and
decreased in the course of an experiment. In particular
during the first experiment (exp. 1a) a much stronger
saltation activity was observed initially while the upper
freshest and relatively unbounded snow layer was being
eroded. This is reflected in the abrupt decrease in particle
number between height levels 40–45 and 45–50mm and
limits a direct comparison of the particle numbers resulting
from the temporally separated sequences. To this end, only
the data of the first recording sequence (z <45mm) from
each experiment were employed to characterize the snow
particle number variation with height according to

nþðzÞ ¼ nðzÞ
n zrefð Þ ¼ exp �� z

zref
� 1

� �� �
, ð1Þ

where n+(z) is the normalized particle number at height z,
n(z) is the particle number at height z, and zref is the
reference height (here the centre of the lowest available
height level, i.e. zref = 7.5mm). The exponential decay
parameters � and the coefficients of determination R2 were
determined by regression analyses as (�, R2) = (0.86, 0.98),
(0.83, 0.90), (0.84, 0.99) and (0.70, 0.97) for exp. 1a, exp.
1b, exp. 2a and exp. 2b, respectively. The corresponding
bounds of the 95% confidence intervals were for �= (0.79,
0.92), (0.72, 0.94), (0.77, 0.92), (0.63, 0.76) and for
R2 = (0.89, 1.00), (0.55, 0.98), (0.72, 1.00) and (0.81,

Fig. 3. Normalized mean particle diameter dþmean with height z. The

parameter settings leading to the thicker solid line were employed
for the analysis.

Fig. 4. Normalized particle number variation with height z.
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0.99). Figure 4 shows the resulting profiles according to
Eqn (1). These � values are specific to the present
experiment boundary conditions; in particular they depend
on the chosen reference height zref. However, they indicate
the range in which the decay parameter may be expected to
lie. Moreover, the similar values obtained for the first
measurement series suggest that the decay parameter � does
not strongly depend on the saltation activity, which was very
different for exp. 1a and exp. 1b, where a factor of 59 in the
number of detected particles during the first recording
sequences, i.e. at the lowest camera position, was found.

The observation of exponentially decreasing particle
numbers with height is supported by the wind tunnel
experiments of Nishimura and Hunt (2000). Guala and
others (2008) however, fit their observed decrease in particle
number with height using a power law.

3.2. Snow particle size characteristics

The snow particle size variations with height for exp. 1a and
exp. 2a are shown in Figure 5a and b, respectively. Since the
exponential decrease of particles with height results in very
few particles at the upper height levels and inhibits reliable
particle size statistics, the analysis was restricted tomaximum
heights, hstat, of 75, 55, 80 and 100mm for exp. 1a, exp. 1b,
exp. 2a and exp. 2b, respectively, for which a minimum of 30
particles in the uppermost height level was available.

Both panels clearly show that the mean snow particle
diameter is fairly constant below hstat, with a very slight
tendency to decrease with height. This is also valid for the
standard deviation of the particle diameter. In contrast, the
maximum snow particle diameter decreases roughly linearly
with height. At the lowest height levels, it is multiple times
(�5–7) larger than the mean diameter. The particle size
variations for exp. 1b and exp. 2b exhibit the same charac-
teristics (not shown here). Nishimura and others (1998) and
Sugiura and others (1998), both using a SPC (Sato and others,
1993), report an increase in the share of small particles over
height within the saltation layer. The data of Sugiura and
others (1998) show a less pronounced increase in the share of
small particles at lower heights for larger free stream and
friction velocities. Thus, the question arises whether the
phenomenon of an increasing share of small particles with
height is a characteristic of the saltation layer or of the
suspension layer which blend into each other. However, their
results imply a decrease of the mean snow particle diameter
with height, whereas our results indicate a fairly constant
mean particle diameter with only a slight tendency to
decrease with height. This may be due to the resolution of
the CMOS chip (0.05mm) in combination with the image
processing and evaluation which does not allow resolution of
the smallest particle sizes in such detail as the SPC, and to the
different snow particle characteristics in the experiments
(1-year-old snow blocks disintegrated into individual parti-
cles of mean diameter 0.36mm in Sugiura and others’
experiments, and snowa couple of hours old, of stellar crystal
shape and 0.5–2.0mm in diameter in our experiments).

The mean snow particle diameters below hstat are 0.38,
0.34, 0.35 and 0.34mm for exp. 1a, exp. 1b, exp. 2a and
exp. 2b, respectively, and the corresponding standard
deviations are 0.16–0.18mm, i.e. �50% of the mean
diameter. The values of the mean and maximum diameters
are, of course, specific to the boundary conditions before
and during the experiments. Different snowpack character-
istics, atmospheric and topographic conditions (age of snow,

crystal form and size, air temperature, wind speed and
saltation fetch length) will result in different mean diameters,
standard deviations and maximum diameters of saltating
snow particles. In particular, the length of the saltation fetch
and therefore the average number of snow particle rebounds
are hypothesized to influence snow particle size. The mean
and maximum diameter will decrease with increasing
number of rebounds since particles fracture, in particular
during their first impacts and rebounds as long as they are of
dendritic shape. Schmidt (1982) measured a mean snow
particle diameter of 0.18mm at a height of 50mm at a field
site at 2360ma.s.l. in southeast Wyoming, USA. From their
wind tunnel experiments, Clifton and Lehning (2008)
reported mean particle diameters of 0.10–0.30mm for fresh
saltating snow. Gordon and Taylor (2009) observed mean
particle diameters of 0.10–0.17mm in field experiments at
Churchill, Manitoba, Canada, and Nishimura and Nemoto
(2005) measured particle diameters of 0.10–0.23mm in a
saltation cloud at Mizuho station, Antarctica. The larger

Fig. 5. Particle size characteristics with height z for (a) exp. 1a and
(b) exp. 2a.
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mean diameters measured in this study are, among others,
attributed to the relatively short saltation fetch in the
boundary-layer wind tunnel (7m) and the smaller number
of rebounds and hence less particle fracture before passing
the measurement location.

Figure 6 shows the normalized maximum particle diam-
eter with height for all experiments. The maximum particle
diameter is normalized by the mean diameter, and the
height is normalized by href where the saltation activity
expressed by the number of particles is decreased to 1% of
that at the lowest height level (Fig. 4, bottom). The collapse
of the data points to a straight line motivates the formulation
of a linear relationship according to

dþmax ðzÞ ¼
dmax ðzÞ
dmean

¼ a1 � a2
z

href
¼ a1 � a2z

þ, ð2Þ

where dþmax ðzÞ is the normalized maximum particle diam-
eter at height z, dmax(z) is the maximum particle diameter at
height z, dmean is the mean particle diameter below hstat, z

+

is the normalized height, and a1 and a2 are coefficients. A
least-squares fit resulted in a1 = 6.53 (6.15, 6.90), a2 = 2.50
(2.18, 2.83) and a coefficient of determination R2 = 0.74

(0.63, 0.82), with the values in parentheses indicating the
bounds of the 95% confidence intervals. However, the
decrease of the maximum particle diameter and therefore
the decrease of the size of the largest particles do not
translate into a reduction of the mean particle diameter with
height, due to their relatively low frequency.

3.3. Snow particle diameter distribution

Finally, the snow particle size distribution was analysed. For
each height level, the snow particle sizes were sorted into
size classes of 0.1mm bin size, and various statistical
distributions were fitted. It was found that the two-parameter
gamma probability density function according to

pdfðdÞ ¼ 1

���ð�Þd
��1 exp � d

�

� �
ð3Þ

adequately fits the measured snow particle size distribution
of every height level in the saltation layer. Here d is the
particle diameter, � is the shape parameter, � is the scale
parameter (with the property dmean =��) and � is the gamma
function. Gamma probability distributions were also em-
ployed in previous studies to fit snow particle size
distributions of drifting and blowing snow (e.g. Schmidt,
1982; Nishimura and Nemoto, 2005; Gordon and Taylor,
2009). Figure 7 shows, as an example, the snow particle size
distribution at the 25–30mm height level measured during
exp. 1a together with the fitted gamma distribution.

The variation of the shape and scale parameter with
height is shown in Figure 8. Notice that the scale parameter
� as displayed in the diagram is multiplied by a factor 10.
The shape parameter � shows a general tendency to increase
with height, and the scale parameter � shows a weak
tendency to decrease with height. The stronger scatter of
both parameters at the upper height levels is due to the
relatively small number of snow particles, as discussed
above. This prevents a reliable estimation of the parameters
of the gamma probability density function. Table 2 summar-
izes the mean values and standard deviations of the
shape and scale parameter for the height levels below
40mm where a sufficiently large number of particles was
present (Fig. 4).

Fig. 6. Normalized maximum particle diameter variation with
normalized height z+.

Fig. 7. Snow particle diameter distribution at height level
25–30mm and fitted gamma distribution.

Fig. 8. Vertical variation of shape parameter � and scale parameter
� of the gamma probability density function.
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Figure 9a and b illustrate the gamma probability density
functions for height levels below 30mm for the first and
second measurement series, respectively. Excluding the
outlier from exp. 1b, i.e. the uppermost dashed curve, the
variation in the peak relative frequency (i.e. the frequency of
the mode) within each ensemble is in the range 25�3%, and
the curves of each ensemble lie close together. In general,
the overall variation within one ensemble is smaller for the
second experiment of each measurement series, i.e. for
exp. 1b and exp. 2b. However, some differences between the
experiments can be noticed. Comparing the experiments
from the first measurement series, it is evident that the
ensemble of distribution functions from exp. 1b is character-
ized by higher peak relative frequencies (higher kurtosis) and
smaller fractions at the positive tail (lower skewness) than
that from exp. 1a, and the modes tend to be shifted towards
slightly smaller diameters. For the second measurement
series (exp. 2), the ensemble of distribution functions from
exp. 2b is clearly shifted to lower mean diameters and
exhibits a smaller variability in the peak relative frequency
than that from exp. 2a. These systematic variations are
attributed to different snowpack characteristics, with smaller
particle sizes in the second compared to the first experiment
where the fresher and larger snow particles of the top layer
have been eroded away. Apparently, this effect dominates
over the influence of the higher wind speed in the second
experiment, which is expected to pick up large particles
(Nishimura and Nemoto, 2005). However, the present
database does not allow profound relationships to be
established between these variables, or final conclusions to
be drawn, since only four experiments with rather similar
free-stream velocities (U� =9.0–10.0m s–1) were performed
and the snowpack variability between the experiments was
not studied. The insets in Figure 9a and b show close-ups of
the gamma probability density functions for the four height
levels between 10 and 30mm in the range of the largest snow
particles for exp. 1a and exp. 1b. It can clearly be seen that
the relative frequency of the largest particles decreases with
increasing height level.

As mentioned above, gamma probability density func-
tions have also been used by other authors (e.g. Schmidt,
1982, 1986; Nishimura and Nemoto, 2005; Gordon and
Taylor, 2009) to describe the snow particle size distributions
of drifting snow in field studies. They have been applied to
snow particle size distributions in the first few meters above
the surface and outside the saltation layer. Compared to the
wind tunnel measurements presented herein, these studies
generally report lower values for the shape and scale
parameters � and �. However, this does not contradict the
findings of this study, since the mean particle diameter of
drifting snow decreases with height above the saltation layer
(e.g. Schmidt, 1982; Nemoto and Nishimura, 2004) and
with the drifting-snow fetch, which was relatively short in

our study, as discussed above. To the best of our knowledge,
values of the shape parameter � in the saltation layer are
only provided by Nishimura and Nemoto (2005) and
Gordon and Taylor (2009). The former report values of �
of �3 for friction velocities u* = 0.28–0.56m s–1 and �5 for
u* = 0.21m s–1 from field measurements at Mizuho station,
whereas the latter found values for � of 1.4 and 2.25 in field
measurements at Churchill. The discrepancy with this study
may be attributed not only to different snowpack character-
istics, but also to the presence of a much longer fetch in the
field and a larger number of particle rebounds, which
resulted in different snow particle size characteristics. In
particular, the smaller shape parameters, �, found in the
field studies are attributed to the larger number of rebounds
whereby the fragile dendritic arms of the snow crystals break
away and rather spherical or ellipsoidal ice cores remain,
with a narrower size distribution.

4. SUMMARY AND CONCLUSION

Snow particle size characteristics in the saltation layer were
investigated with shadowgraphy in wind tunnel experiments.
Vertical profiles of particle number, particle size character-
istics and particle diameter distribution were studied.

Table 2. Mean values and standard deviations of the shape (�) and
scale (�) parameters for height levels below 40mm

�mean �std �mean �std

exp. 1a 4.44 0.33 0.0860 0.0084
exp. 1b 5.07 0.57 0.0686 0.0041
exp. 2a 4.99 0.42 0.0743 0.0073
exp. 2b 4.20 0.40 0.0819 0.0063

Fig. 9. Gamma probability density functions of the height levels
below 30mm for the first (a) and second (b) measurement series.
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The snow particle number was found to decrease
exponentially with height, and a functional relationship is
provided by Eqn (1). The quantitative decrease was similar
for all experiments performed in this study, with exponential
decay parameters in the range 0.70–0.86. The decay
parameter was found not to depend strongly on the saltation
activity (number of particles in saltation).

A fairly height-independent mean snow particle diameter
in the saltation layer was observed. Mean diameters of 0.38
and 0.34mm in exp. 1a and exp. 1b, and 0.35 and 0.34mm
in exp. 2a and exp. 2b were measured. The smaller mean
particle diameter in the second experiment of each measure-
ment series was attributed to the rapid erosion of the upper
freshest and unbounded snow grains during the first saltation
experiment. It is acknowledged that these values are specific
to the snowpack and boundary conditions of the experiments
performed. However, the fundamental observations of a
fairly constant mean and a linearly with height decreasing
maximum snow particle diameter in the saltation layer may
be universally valid, and remain to be substantiated by
further studies. With Eqn (2), a universal functional relation-
ship between the maximum particle diameter and the mean
particle diameter as a function of height is suggested.

The particle size distributions could be adequately
described by gamma probability density functions. Thus,
the distribution type found in blowing-snow investigations
elsewhere also applies for the saltation layer. While the
shape parameter showed an increase with height, the scale
parameter tended to decrease with height. Moreover, some
characteristic differences across the experiments of each
measurement series were found, indicating a dependency
on the snowpack and experiment boundary conditions.
However, the number of experiments performed is too small
to provide final conclusions.

The influence of the image processing and evaluation
settings on the outcomes was analysed. Based on the
analysis, the mean particle diameter provided was found to
be subject to variations of <5% (Fig. 2), which is considered
low. This suggests shadowgraphy is a robust method for
studying particle size characteristics of drifting and blowing
snow or, more generally, for studying aeolian sediment
transport. A limitation in this study was that saltation close to
the surface (<5mm) could not be studied. This is, however,
not a general limitation of shadowgraphy and can be fixed
by positioning the camera such that the centre of the image
is levelled with the surface of the erodible ground.

In comparison to conventional snow particle counters
(SPCs), shadowgraphy is a volume measurement method
rather than a point measurement method. The simultaneous
and highly time-resolved measurement of a larger area
enables the study of hitherto unexplored drifting- and
blowing-snow characteristics (e.g. the exploration of
coherent structures or characteristics in the particle phase).
It also allows detection of larger snow particles than
SPCs, whose upper limit is �0.5mm. Shadowgraphy is a
promising method for future investigations of aeolian
sediment transport.
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