Annals of Glaciology 26 1998

(© International Glaciological Society

Objective determination of snow-grain characteristics
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ABSTRACT. The determination of snow-grain characteristics (such as type or size) is
crucial for validating snow models and interpreting remote-sensing data. Until now, the
size and type of snow grains have been estimated in the field. Nowadays, the transportofa
snow sample in iso-octane allows laboratory analyses. The objective analysis of snow-
grain digital images has been developed at the Centre d'Etudes de la Neige since the mid
1980s. The images are taken in a cold room and stored on a video disk. The calculation of
the relevant parameters for snow characterization has been developed. Recently, the
hardware- and software-systems have been upgraded, allowing quicker and easier ana-
lyses. Finally, a procedure designed to determine snow types from image analysis has been
developed and calibrated using 65 snow samples. For that purpose, independent experts
have determined the snow type (as defined by the International Classification) of each
sample. The procedure has been verified using an independent set of snow images. This
semi-automated determination gives 97% correct results on granular-snow types. How-
ever, it is not reliable for precipitation particles.

1. INTRODUCTION

Snow can be studied using images [rom serial sections or
from grains taken from a snow sample. The first approach
(Good, 1989) preserves the snow structure and allows obser-
vation of the grain connections. The second approach, used
in this study, focuses on the grain characteristics.

We developed and validated a system allowing the des-
cription of snow-grain morphology. It can be used to im-
prove the parameterization of the metamorphism function
in snow models (e.g. Crocus, Brun and others, 1989, 1992). The
objective measures obtained by using this system may also
be useful for calibrating snow-cover data acquired by
remote-sensing techniques.

The first studies at the Centre d’Etudes de la Neige were
conducted in 1985. Snow grains were observed through a bi-
nocular lens. The images were captured using an analog vi-
deo camera (SONY DXCIOI mono CCD, definition
320 lines, sensitivity 30 lux, ratio signal/noise 48dB) and
stored in analog form on video tape (SONY U-MATIC SP
V09006, definition 280 lines, ratio signal/noise 46 dB). Sub-
sequently, these images were converted from video
sequences to a digital pixel image with a frame grabber
(MID). The final resolution was 256 x 256 pixels with 64
grey levels.

This system was used in a quantitative study of dry-snow
metamorphism in the presence of various temperature gra-
dients (personal communication from G. Brunot, 1986) but
had some hardware and software disadvantages (image dis-
tortion, low speed, etc). The rapid improvement in compu-
ters, video techniques and image-analysis software allows
new possibilities today. A recent upgrade of the image-pro-
cessing system made it possible to develop a semi-automated
analysis software of snow-grain images. A systematic ex-
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ploration of all snow types began and led to an automatic
determination of snow types from the morphology of the
grains.
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Fig. 1. Grain images from a sample taken during a low gradi-
ent metamorphism experiment and wused for test (time
87 hours in Figure 11). The diameter of the circular disk used
for calibration is 3 mm. The magnification is X 12.5.
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2. ACQUISITION AND IMAGE ANALYSIS
2.1. Acquisition

The snow samples are either taken in the field or produced
by a snow-metamorphism experiment in a cold room. In the
former case, the sample is transported in iso-octane (Brun
and Pahaut, 1991).

The snow grains are arranged on a glass plate and iso-
lated as well as possible. A light source is placed below the
plate and a camera ( SONY DXC 755P, 3CCD, definition
750 lines, sensitivity 13 lux, ratio signal/noise 58 dB) takes
2D monochrome pictures of the grains through a binocular
lens (LEICA M240). The images are stored on a video disk
(SONY laser videodisc recorder LVR-4000P, definition 700
lines). A snow sample consists of a reference image (circular
disk with known radius) followed by around 15 images of
grains (not less than 30 grains are needed to obtain stable
results) as shown in Figure 1. According to the snow type,
the magnification varies from 8 to 12.5 and the number of
grains in an image from 1 to 10. With a magnification equal
to 12.5, the size of an image is around 5 x 4 mm.

2.2. Image enhancement

The images are digitized into a personal computer with a
frame grabber (Matrox Meteor) and commercial software
(Visilog from NOESIS). The resolution of the resulting
image is 360 x 270 pixels with 256 grey levels. Then, the fol-
lowing treatments are applied:
Transformation of the grey level images to binary
images.

Filling of the particles.

Elimination of the particles whose sizes are lower than
three pixels by applying an opening.

Elimination of grains truncated on the edge of the im-
age.

Elimination of particles with a surface lower than a
threshold chosen by the operator, in order to eliminate
the chip of grains.

Numbering of the particles.
Extraction and sorting of the contours.

Figure | shows a typical snow sample. A magnification of
12.5 is used and a pixel is a square whose sides are (0.0145 mm
long.

2.3. Image analysis

For each grain, the following five parameters are calculated:
the surface S, the maximum length L, the perimeter P, the
parameter P?/4mS (which characterizes the dendricity of
the grains (1 for a circle), the parameter wL?/4S (which
characterizes the elongation (1 for a circle),

These five parameters are strongly dependent on the ar-
rangement of the grains: the grains should be separated.
Thereafter, the maxima, minima, mean and standard devi-
ation of these parameters of the snow sample are also cal-
culated. Then the parameter Y P?/ 5" (47S) is introduced.
It is more reliable than P?/47S because it limits the impact
of small grains in the sample.

From all the contours of the sample, the calculated para-
meters are:

https://doi.org/10.3189/1998A0G26-1-112-118 Published online by Cambridge University Press

Lesaffre and others: Determination of snow-grain characteristics

The curvature lor each pixel ( method discussed in sec-
tion 3).

The mean and standard deviation ol concave and con-
vex curvature of the sample.

The mean concave and convex radius, being defined as
the inverses of the mean curvatures.

The maxima and minima of the concave and convex
curvature,

The distribution histogram of the radii (radii larger
than 2 mm are grouped in a singled class).

3. RADIUS CALCULATION AND VALIDATION

The mean convex radius of curvature is the most important
parameter used to characterize a snow sample. Since calcu-
lation of the radius was not available in the software Visilog,
it was developed locally and introduced into the software.
Only the mean convex radius is used, because the mean
concave radius is too dependent on the grain arrangement
(particularly if polycrystalline grains are present).

3.1. Tangents method

The radius of curvature is calculated in each pixel of the
grain periphery, using an even number N pixels on each
side of the considered pixel; N is chosen by the operator.

The tangent in each pixel P is calculated first. It is the
straight line defined by the pixels P and P of the periphery
(Fig, 2).

tangent
at Py

tangent

with w=p,-pB; and

Fig. 2. Method by determination of tangents. Calculation of
the radius of curvature in P using 21 pixels (N = 10). 4
square is a pixel of the grain periphery.

The radius of curvature is the radius of the circle tangent
to the tangents in P, and P (D is the distance between P
and F»). In some cases (pixels on a straight line), a fixed
large value (by default 200 pixels) is assigned.

3.2. Use of a smoothing function

In this method, the grain periphery is locally (N pixels on
cach side of the pixel considered) fitted with a second-order
polynomial function.

First, the system looks for the coordinate axes in which a
maximum of increasing x coordinates is found on both sides
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invalid pixels

Fig. 3. Smoothing~function method. Research of the best
rolation and the function f(x).

of the point P. The axis system is rotated clockwise with a
m/4 angle several times (Fig. 3). For each transformation,
the number of increasing « coordinates is calculated. The
search is stopped when this number reaches 2V + 1. If it is
lower than 2N + 1 in the eight axis systems, we retain the
axis system in which this number is maximum. But, if it is
lower than a minimum value fixed by the operator (the de-
fault value is 5), the radius calculation is not done.

In a second step, a second-order regression is done using
the points selected above.

The smoothing function f(z) = ax® + bz is determined
and the radius R is given by:

dr

dx?

R=|1+ (df(""))z %[dgf (‘”)] = [1+ (202 +)*f2a]

In some cases, this function is undetermined and the cal-
culation of the radius cannot be done.

The radii are calculated along the contours of the part-
cles. When the calculation cannot be done on a pixel, the
value calculated on the previous pixel is assigned to it.

The curvatures (inverses of the radii) are stored in a file.
At the end of processing the sample, the means and stan-
dard deviations are calculated using this file.

3.3. Validation and choice of the method

In order to validate the radius calculation and determine
the best method and number of pixels 2N 4 1, a systematic
analysis of circular disks with various sizes has been under-
taken. The radii of the disks were: 0.125, 0.25, 0.5, 0.75 and
L.5mm (respectively around 9, 17, 34, 52 and 103 pixels).
Two series of analyses were performed: one with isolated
disks, and the second with aggregated disks. A magnifica-
tion of 12.5 was used and the two methods were tested. The
parameter 2NV + 1 was successively set to 13,17, 21 and 25.

Figure 4 shows the results for the mean convex radius
(MCR). For values of 2N + 1 lower than 17 and for disks
whose radii are larger than 0.5 mm, the radii are under-
estimated by both methods.

In the case of aggregated disks, the tangent method with
2N + 1 larger than 13 gives poor results on small disks. The
smoothing method leads to errors around 10% from 17 to 25
pixels.

In all cases, the smoothing method is more stable and
gives a smaller relative error than the tangent method. It is
therefore the preferred method.

As the diameter of most snow grains is smaller than
2 mm, the use of 17 pixels seems to be the best compromise.
In most cases, the errors in the radius calculation are lower
than 10%. For larger snow grains, one can return to a fa-
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Fig. 4. Relative ervor of the mean convex radius: percentage of
error on isolated and aggregated circular disks in the function
of the parameter 2N + 1.

vourable situation by reducing the magnification during
the image recording.

In this study, the smoothing method using 2N + 1 equal
to 17 pixels was used for radius calculations in all snow
samples. The magnification was usually 125 and was re-
duced for samples with larger grains.

Recording of images of a sample in the cold laboratory
(around 15 images) requires about 10-15 minutes. The
image acquisition and the complete processing (included
the automatic determination) takes about 10 minutes. For
the two computing methods, the times required are almost
the same.

4. AUTOMATIC DETERMINATION OF SNOW TYPES
4.1. Learning

In order to obtain a full range of parameters calculated on
all snow types, 65 snow samples were investigated. They
were distributed as follow:

Twelve precipitation particle samples (1 in the Interna-
tional Classification: +), three samples with precipita-
tion and recognizable particle characteristics (1,2: +, /),
six recognizable or decomposing particle samples (2: /),
ten samples with recognizable particles and rounded-
grain characteristics (2, 3: /, @), five rounded-grain sam-
ples (3: @), seven wet-grain samples (6: O), nine faceted-
crystal samples (4: (), ten depth-hoar samples (3 A )
and three samples with depth-hoar and wet-grain char-
acteristics (5,6: A, Q).

The samples were classified visually by several experts

in accordance with the International Classification (Col-
beck and others, 1990).
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Fag. 5. Distribution in the learning file for the parameters
MCR and SDC.

4.2. Selection of informative parameters

Some parameters are too dependent on the arrangement of

the grains (contacts between grains) and were rejected: sur-
face, perimeter and length. Several graphics showing the
results for two parameters were plotted. An example is
shown in Figure 5 for the mean convex radius and the stan-
dard deviation of convex curvature (SDC), In order to clar-
ily the visualization, only 49 samples pertaining to a single
snow type are plotted. The points corresponding to a given
snow type are usually grouped and more or less separated
from the others. This is not true for the precipitation parti-
cles (+) whose points can be found together with the recog-
nizable particles (/), rounded grains (®) and faceted crystals
(O)- This situation was observed for most parameters
because of the high variability of the shape of precipitation
particles in Nature. Because of these difficulties, it was
decided to focus only on the other snow types.
The following parameters were selected:

Mean convex radius (MCR). This parameter gives infor-
mation on the grain-size. Moreover, it is very little depen-
dent on the choice of different images from the same
snow sample.

Standard deviation of convex curvature (SDC). This
parameter, depending on the regularity of the grains
peripheries, also has the same behaviour as the previous
one,

Ratio standard deviation of convex curvature/mean
convex curvature (SDC/C). This ratio allows better dis-
crimination between snow samples with the same mean
curvature or the same standard deviation. In Figure 6,
rounded grains and faceted crystals are somewhat hetter
separated than in Figure 5.

3. P%/ 3 4xS. This parameter increases with dendri-
city and decreases for granular snow. Unlike the para-
meters above, it depends on the arrangement of the
grains.

Histo. The analysis of detailed results for the calculation
ol MCR showed that the histogram is linked to the snow
type. Figure 7 compares the radii histograms for two
snow types (rounded grains and faceted crystals) having
avery close mean convex radius. An empirical parameter
(called histo) has been built to take into account the his-
togram differences.

It is defined by histo = Zyaxnp/Ymax where Yupay is the
maximum ordinate for convex radii smaller than 2 mm,
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Fig. 6. Distribution in the learning file for the parameters
MCR and SDC/C.
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Fig. 7. Histograms of the mean convex radius. Comparison
between rounded grains and faceted crystals. The histogram
corresponds to all the pixels of the contours of the grains. The
number of pixels of the contours of a sample is around 10 000.

Tmayx 18 the abscissa corresponding to ¥, and np is the or-
dinate corresponding to convex radii larger than 2 mm.

4.3. Method for determining snow types

A determination based on simple thresholds was unsuccess-
ful, because the parameters show considerable overlap. Fig-
ure 8 also shows that the calibration data are sparse.

Another approach was attempted. Using these data, a
[requency distribution was established between each snow
type and each parameter. This distribution expresses the
likelihood of the relationship between this snow type and
each class of values of this parameter. It takes values
(weightings) between 0 and 1. The 0 value means that the
sample cannot relate to this type. On the contrary, | means
that the sample, with respect to this parameter, shows the
characteristics of the type.

Figure 8 shows the values for each parameter calculated
from the calibration data and the estimated weightings for
each class of values. The assignment of these weightings is
partially based on the values calculated [rom the calibration
data, and improved by expert knowledge. In addition, the
weightings are adjusted by trial and error using the 53
samples of the calibration data (65 samples minus the 12
samples with precipitation particles).

The determination of the characteristics of a sample is
obtained by multiplying each of the five weightings, corres-
ponding to the five parameters, for cach of the five snow
types.

The sample feature is described by the five values
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obtained. Features of more than one snow type can be de-
tected in a sample. A nearest-neighbour approach, using
these five parameters, has also been tried. However this
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with a significant proportion of needles was identified as “fa-
Fig. 8 Weightings corresponding to each snow type for the five ceted crystals”. Moreover, a beginning of angular shape was
parameters from the values taken in the calibration database. observed because of the large temperature gradient during
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Fac. cryst. 052 0.8 1.0 1.0 0.0 0.000
Depth hoar 0.0 0.2 0.2 1.:6 0.0 0.000
Shape Size Dendricity Sphericity
Rec. particles 45.5 % 0.26 mm 0.24 0.61

Rounded grains 54.5 %

Fig. 9. Analysis of the grains shown in Figure I: histograms of
the radii and output of the objective determination.

two nights. The system found only faceted-crystal character-
istics because of the straight periphery of the needles, This
problem is similar to that encountered with precipitation
particles.

4.6. Metamorphism experiments

"Two samples consisting of recognizable decomposing preci-
pitation particles were submitted to a metamorphism experi-
ment in a cold laboratory. The first sample was kept at —5°C.
(without temperature gradient) and the second was sub-
mitted to a large temperature gradient (1°C cm ' at a mean
temperature of —10°C). The evolution of the snow type was
followed by regular sampling. Figure 11 shows the evolution
of the mean convex radius and the standard deviation of con-
vex curvature. Theslow increase in the mean convex radiusin
the absence of a temperature gradient, also shown by Brown
and others (1994), was correctly detected (+0.04 mm after
1000 hours). In this metamorphism experiment, the smooth-
ing of the periphery of the grains is associated with a regular
decreasein the standard deviation of convex curvature. Inthe
large-gradient experiment, the grain growth is rapid as ex-
pected. In both cases, the snow-type evolution was correctly
detected by the semi-automated analysis (Fig, 12).

1 3 1 1
2 1
2 3
1
1
5
4
3
4
2
3

Fig. 10. Contingency table for the final test. I: visual determi-
nation. 2: automaltic determination.
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Fig. 1. Evolution of the mean convex radius ( MCR ) and the
standard deviation of convex curvature (SDC) during two
snow-metamorphism  experiments.  Isothermal metamor-
phism: (a) MCR; (¢)SDC; Large-gradient metamorph-
ism: (b) MCR; (d) SDC.

Hours Isothermal Large
metamorphism temperature
gradient
at 000 / {
from 000 to 039 /! ® /| ®
from 039 to 087 / ® / & O
from 087 to 141 ® / [m]
from 141 to 263 e/ O A
from 263 to 357 ot A
from 357 to 976 °

Fig. 12, Semi-automatic determination of snow types during
the metamorphism experiments.

5. CONCLUSION

Fresh snow is characterized by a great variety of shapes.
Therefore, it is not possible to distinguish them by using
the five parameters described in this study. During the me-
tamorphism process, the different states can be more easily
determined and the results of the semi-automatic determi-
nation of snow types are largely positive (e.g. 62% looking
only at the main types and another 35% if intermediate
snow types are also rated as successful).

For fresh snow, only dendricity and sphericity are given.

The mean convex radius given by the system is very pre-
cise and stable as shown in the metamorphism experiments.
The standard deviation of curvature and the distribution of
the convex radii also play an important role in the objective
determination process.

The parameter Y P?/ 3" 478 is linked to dendricity but
it is very sensitive to the grain arrangement in the images. It
is necessary to improve the separation of the grains to avoid
biases in the analysis.

A larger learning file would have allowed a more precise
determination of the weightings used in the system.

Nevertheless, the different snow types are well charac-
terized by the five parameters selected. The objective deter-
mination proposed here allows comparison of snow samples
represented by a suflicient number of singular grains on cri-
teria independent of human observers.
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