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ABSTRACT 15 

 16 

The quantification of the structural properties of snow is traditionally based on model-based stereology. 17 

Model-based stereology requires assumptions about the shape of the investigated structure. Here, we 18 

show how the density, specific surface area, and grain boundary area can be measured using a design-19 

based method, where no assumptions about structural properties are necessary. The stereological results 20 

were also compared to X-ray tomography to control the accuracy of the method. The specific surface 21 

area calculated with the stereological method was 19.8 ± 12.3% smaller than with X-ray tomography. 22 

For the density, the stereological method gave results that were 11.7 ± 12.1% larger than X-ray 23 

tomography. The statistical analysis of the estimates confirmed that the stereological method and the 24 

sampling used are accurate. This stereological method was successfully tested on artificially produced 25 

ice beads but also on several snow types. Combining stereology and polarisation microscopy provides a 26 

good estimate of grain boundary areas in ice beads and in natural snow, with some limitations. 27 

 28 

 29 

KEYWORDS: Snow, design-based stereology, specific surface area, grain boundary, x-ray 30 

tomography 31 

 32 

1. Introduction 33 

 34 

Stereology is an analytical and statistical method used to quantify three-dimensional properties from 35 

plane (two-dimensional) sections, without the need to reconstruct the three-dimensional structure 36 

(Howard and Reed, 1998). Stereology is often used in materials science and biology and can provide 37 

quantitative information regarding the geometrical properties of the sample, such as volume, surface 38 
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area, and length (Baddeley et al., 1986; Gundersen and Jensen, 1985; Howard and Reed, 1998). Other 39 

properties such as the number of structural components or the mean particle size can also be obtained 40 

with more sophisticated sampling approaches (Cruz-Orive and Weibel, 1981; Fisher et al., 1988; Sterio, 41 

1984). Sampling procedure and counting strategy are the two important steps used to obtain accurate 42 

results and to avoid any methodical or systematic bias (Gundersen et al., 1999; Tschanz et al., 2011). 43 

Two principal stereological approaches exist: model-based stereology and design-based stereology 44 

(Baddeley et al, 1986) (details in section "2. Theory"). Here, a design-based method is presented, which 45 

can be used specifically for snow and porous ice samples. The evaluation of digitally captured images 46 

is done by free software (e.g., ImageJ, STEPanizer), but commercial packages (e.g., newCAST, 47 

Visiopharm, Hoersholm, Danmark) can also be used. 48 

As early as 1936, techniques used to produce thin sections of snow were described (Bader et al., 1939). 49 

The key point for preparing snow in thin sections is to fill the pore space with a super-cooled liquid 50 

(such as diethyl-phthalate), which is frozen to obtain a rigid and solid sample. Then, the sample can be 51 

cut with a microtome to obtain a surface plane, which can be observed through a microscope. Buser 52 

and Good (1987) and (Davis and Dozier, 1989) used superimposed linear grids to analyse, through 53 

stereology, some snow properties. They measured the surface area and mean linear intercept-length to 54 

evaluate the pore space and the average number of grains per unit volume. The specific surface area 55 

(SSA) is an important property of the snow microstructure. For this reason, several studies use 56 

stereological methods to quantify the SSA (Arakawa et al., 2009; Arnaud et al., 2011; Matzl and 57 

Schneebeli, 2010). However, all of these methods assume some geometrical isotropy in the snow and 58 

would probably exhibit measurement bias in a very anisotropic structure such as a depth hoar. 59 

With thick sections (also called surface sections), it is sometimes possible to observe grain boundaries. 60 

This is based on the sublimation of ice, but the method is difficult and not efficient because it is hard to 61 

find the precise conditions to have optimal sublimation of ice at the grain boundaries (Arnaud et al., 62 

1998). The method works well for firm and dense snow but becomes increasingly difficult with higher 63 
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porosity.  64 

The surface area (SA) and grain boundaries (GB) of ice crystals are important for snow chemistry 65 

because trace gases and impurities are located there (Domine et al., 2008). GB could also contain a 66 

reservoir of trace gases (Huthwelker et al., 2006). In this context, a grain is defined as a structural unit 67 

belonging to the same ice crystal orientation. Therefore, the grain boundary area (GBA) is an important 68 

structure for chemical properties of snow and the mechanical deformation of the snow structure. 69 

Temporal and spatial changes in GBAs have never been measured before. 70 

X-ray tomography cannot detect grain boundaries. In some particular cases, when GBA corresponds to 71 

a particular geometry of the structure, the GBAs can be calculated with the help of image processing 72 

(Theile and Schneebeli, 2011). For this reason, the preparation of thin sections observed under 73 

polarised light and the use of stereology are necessary to quantify GBA bias-free, irrespective of their 74 

location. 75 

In an isotropic material, the light propagates at the same velocity in every direction. Ice is a birefringent 76 

crystal and is optically anisotropic. Hence, white light passes through crossed polarisers, causing 77 

crystals with a different orientation of the optical axes to appear in different colours (Hobbs, 2010). To 78 

summarise, with the use of a crossed polariser, the orientation of the crystal axis produces coloured 79 

grains. The GB can then be identified precisely as the line between two different colours. To observe 80 

and quantify the GBs in snow, thin sections of the snow (100 µm - 150 µm) were made.  81 

A stereological method was developed to quantify, without bias, the GBs and the polycrystalline 82 

properties of ice as well their geometry (SSA, volume density). Micro-computed tomography (µCT) 83 

was used to check the validity and accuracy of our stereological method. This method was developed 84 

initially for artificial ice beads (Riche and Schneebeli, 2011) because they are widely used in “snow” 85 

chemistry experiments. However, natural snow can also be quantified with this stereological method. 86 

We performed some tests on natural snow in the form of rounded grains and depth hoar. 87 

 88 
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2 Theory 89 

 90 

Stereology is a collection of methodological concepts that permit the extraction of information from 91 

plane sections of three-dimensional materials. It is based on statistical principles and gives an estimate 92 

of the properties of interest. The concepts are simple and efficient because, most of the time, they only 93 

use raw images (without any image processing) from optical microscopy and a minimum of plane 94 

sections of the material to be analysed (Baddeley and Vedel Jensen, 2005; Howard and Reed, 1998). 95 

Basically, a stereologic study consists of two major steps: (a) unbiased material sampling and (b) 96 

quantification of structures by feature counts.  97 

Formerly, thin or thick sections were quantified directly under the microscope using a projection screen 98 

or a transparency superposing the suitable test system (e.g., cycloids). Currently, some software exists 99 

to simplify the counting procedure. An example is the STEPanizer, which is free. 100 

In stereology, two principal approaches exist: (1) model-based stereology is based on assumptions of 101 

the geometric properties of the sample, and (2) design-based stereology (Baddeley et al, 1986), where 102 

no assumptions are made on the geometry. Here, we detail these two approaches. 103 

 104 

1) Model-based stereology  105 

Model-based stereology is the more traditional approach of stereology. The material is assumed to be 106 

spatially homogeneous. Therefore, the 3D structural properties of the material can be extracted from 107 

only one arbitrary plane section of this material. Model-based stereology is prone to bias and should 108 

progressively be replaced by assumption-free approaches. 109 

In snow, the model-based method (Davis and Dozier, 1989) assumed a sphere-like geometry and an 110 

isotropic structure. The model-based method of Matzl and Schneebeli (2010) assumed rotational 111 

isotropy in the vertical direction. 112 
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 113 

2) Design-based stereology  114 

This approach is mathematically designed in such a way that quantification is independent of the 115 

structural size and dimension as well as its distribution and spatial orientation (Gundersen, 1988; West, 116 

1993). Design-based approaches are bias-free with respect to all structural properties, if sampling is 117 

already unbiased and accurate (Baddeley et al., 1986; Howard and Reed, 1998). 118 

To realise unbiased sampling, sections have to be produced according to specific random sampling 119 

procedures (also called random sampling design). 120 

Here, we present a design-based approach that can be used specifically in snow and porous ice samples. 121 

It includes the section sampling procedure, taking any structural anisotropy into account, as well as the 122 

quantification of grain boundaries. 123 

 124 

3 Methods 125 

 126 

3.1 Sample production 127 

 128 

Ice beads were prepared from water droplets. The droplets were frozen in liquid nitrogen and formed 129 

ice beads of different sizes. The ice beads were then sieved to a fraction between 600 µm and 500 µm, 130 

which was kept for the experiments. 131 

Sample holders (20 mm in diameter and 5 cm high) used for µCT measurements and small boxes (3 cm 132 

in diameter and 1 cm high) for thin section preparation were then filled with the ice beads. Samples 133 

were carefully stored in an isothermal box to keep a constant temperature in and around the samples in 134 

case of small temperature variations in the freezers (Lowe et al., 2011). As all of the samples were 135 

prepared and stored in an isothermal box together, we assumed that all of the ice bead samples had the 136 
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same structural evolution and could therefore be compared (stereology measurements versus µCT 137 

measurements). 138 

Sample holders were scanned with the µCT, and boxes were taken to prepare thin sections for 139 

polarisation microscopy. Eighteen samples were analysed. Furthermore, three samples of natural snow 140 

of different snow types (small rounded grains and 2 depth hoar samples) were also analysed. 141 

 142 

3.2 Stereological section sampling 143 

 144 

Unbiased sampling is the crucial step in a stereological approach to receive an accurate quantitative 145 

estimation. Every part of the sample must have the same probability of belonging to the sample used 146 

for the measurement. One section sampling approach used in design-based stereology, to avoid bias 147 

from structural anisotropy, is called vertical uniform random sections (VUR). VUR sections have to be 148 

prepared following these three main steps: (1) Selecting a horizontal reference plane (the vertical axis 149 

is therefore perpendicular to the reference plane), (2) randomly rotating the material around the vertical 150 

axis, and (3) cutting sections parallel to the vertical axis (Howard and Reed, 1998). 151 

In our approach, the VUR section method was chosen, and three random vertical sections per sample 152 

were cut. The three sections were cut with systematic randomness with regards to orientation and 153 

position as shown in Figure 2. This procedure required nine steps. 154 

 155 

For stereological quantification based on the vertical section design, it is crucial to know the vertical 156 

axis on each section. The top and bottom of the snow pellet should correspond to the upper or bottom 157 

border of the section. This is true if the cut (cuts A - C) is perpendicular to the top and bottom of the 158 

pellet.  159 

 160 

3.3 Thin section preparation 161 
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 162 

Thin sections were produced following the experimental procedures described in the literature (Good, 163 

1987; Kinosita and Wakahama, 1959; Satyawali et al., 2003) but with slight modifications. The 164 

procedure used is described here in detail. 165 

The small boxes were slowly filled with di-ethyl phthalate (CAS 84-66-2) at -4°C (in comparison to di-166 

methyl phthalate, di-ethyl phthalate is less toxic). Once frozen, the sample was cut without destroying 167 

the ice bead structure. Thin sections were prepared using a microtome (Leica Polycut) with a thickness 168 

of 120 µm to 150 µm. After the completion of the vertical section sampling design, the small pieces of 169 

the sample were glued with a drop of di-ethyl phthalate on a glass plate. To have a homogeneous 170 

thickness, a ring of ice was prepared and levelled with the knife of the microtome. The sample was 171 

placed on this ice ring, which was exactly parallel to the knife. The thickness of the sample therefore 172 

had an equal thickness everywhere. A vacuum pump sucked the air out of the ice ring in order to fix the 173 

sample onto the ring during cutting. Once the sample was completely flat, it had to be released from the 174 

glass plate and glued again to the other side. To glue the sample on its second side, it was warmed to -175 

2°C on a temperature controlled heater. Immediately after, the other side was fixed on a second glass 176 

plate. The second side then lay almost perfectly parallel to the knife, and a surface of equal thickness 177 

was cut. After covering the surface with a class cover, a drop of tetralin (CAS 119-64-2) was applied on 178 

the edge of the thin section to dissolve the diethyl-phthalate. Afterwards, the thin section could be 179 

observed with a polarisation microscope. 180 

 181 

3.4 Stereological estimation 182 

 183 

First, the different types of grain boundaries were defined (Fig. 3):  184 

- Surface area (SA): ice-air interfaces, interfaces between ice crystals and air. 185 

- Grain boundary (GB): ice-ice interfaces, interfaces between two ice crystals with a different 186 
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orientation, which is further subdivided into the following: 187 

- Internal grain boundary area (IGBA): GB inside one ice bead, 188 

- Grain boundary area (GBA): area between two geometrical ice beads. 189 

 190 

Once the sections were prepared for polarisation microscopy, the different structures of interest of the 191 

ice bead samples and the snow samples were analysed. Approximately 60 images (20 per section) were 192 

evaluated to quantify the specific surface area (SSA), the specific grain boundary area (SGBA), and the 193 

specific internal grain boundary area (SIGBA). The density of the sample and the percentage of 194 

polycrystalline grains were also evaluated. The volume density was assessed by counting points of a 195 

test system, hitting the structures of interest. Surface density was assessed by counting line (cycloid) 196 

intersections with the GBs visible on the microscopic images. In a vertical section design, lines must 197 

have a cycloid form (Baddeley et al., 1986). The STEPanizer software was used for counting (version 198 

1, 0.22, http://www.stepanizer.com/; Tschanz et al., 2011). STEPanizer allows quantification of 199 

microscopic images. Test systems (for example, a cycloid grid) are easily created and superimposed 200 

onto the digital images. In the approach used, the ends of the cycloids (see Fig. 4) were used as 201 

sampling points for the volume density estimation. The STEPanizer also facilitates the counting 202 

process and transfers the data to a text file for further calculations. The number of cycloids has to be 203 

adjusted according to the size of the structure. Before measuring, the optimal length and number of 204 

cycloids must be empirically determined. Too many cycloids would result in a long counting procedure 205 

and would not give better results than with less. Too few cycloids would not produce enough counts per 206 

sample and would thus result in a poor estimate. For stereological evaluations, approx. 200 to 300 207 

counts per sample are ideal (Gundersen and Osterby, 1981; Mathieu et al., 1981). 208 

 209 

The structural properties were calculated by the following formulas: 210 

 211 
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Surface area density [mm-1]: 212 

         (1), 213 

where l/p is the length of the test line per point, and Pref  is the number of points hitting the reference 214 

space. The reference space corresponds to the full area within a counting frame if captured images fully 215 

cover this frame. I is the number of intersections between the test lines (cycloids, red lines) and the 216 

structure of interest: SA, GBA or IGBA. It gives the surface area density per unit volume: SAv, GBAv 217 

and IGBAv, respectively. The surface area density is the area per volume, and in this case, the units are 218 

mm²/mm³, which cancel to mm-1. 219 

 220 

Volume density of ice: 221 

          (2), 222 

where Pice are the number of points hitting the ice structure, and Pref  are the number of points of the 223 

reference space. Putting formulas (1) and (2) together allows the computation of 224 

 225 

Specific areas per ice volume [mm-1]: 226 

         (3), 227 

Equation (3) permits the calculation of the different specific surfaces relative to ice, i.e., specific 228 

surface area (SSA), specific grain boundary area (SGBA) and specific internal grain boundary area 229 

(SIGBA). 230 

 231 

Percentage of polycrystalline ice beads [%]: 232 
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,        (4), 233 

where  is the number of points hitting polycrystalline ice beads, and  is the number of 234 

points hitting the ice beads. 235 

 236 

For all of these evaluations, we only considered the structure belonging to the surface of the 2D 237 

section, meaning that the black area surrounding the ice beads was discarded. The black area appeared 238 

because of the thickness of the section; therefore, it does not belong to the surface used for counting 239 

(Fig. 4). 240 

 241 

Coefficient of error of a ratio estimate (estCE) and coefficient of variation (CV): 242 

 243 

The coefficient of error (CE) provides information about the variance of an estimate depending on the 244 

stereological procedure. The coefficient of variation (CV) expresses the total variance of a population 245 

(in our case, the snow samples). If the CE is much smaller than the CV the stereological estimate has a 246 

high accuracy. Accuracy means that the measurement is unbiased. In other terms, the measurement 247 

converges to a stable value and has a small standard deviation. Therefore, differences between 248 

populations will be detected (Howard and Reed, 1998). In contrast to image processing techniques, the 249 

estimate calculated from the stereological method is based on a rigorous statistical framework. 250 

To calculate the CE and CV, the following formulas are used (Howard and Reed, 1998): 251 

    (5), 252 

where k is the number of pictures, u is the number of points hitting the reference space and v is the 253 

number of intersection points (intersections between the test lines (cycloids, red lines) and the structure 254 
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of interest (SA, GB or IGB)). 255 

          (6), 256 

with   (7)   and   (8), 257 

with the variance σ and the mean μ, and where N is the number of pictures and Ri is the number of 258 

intersection points. 259 

 260 

3.5 X-ray tomography 261 

 262 

Samples were scanned in a 20-mm diameter sample holder, which was also the storage holder (no 263 

transfer of the ice beads was necessary). The scanned height of the sample was 4.16 mm. The original 264 

3D image resolution was 10 µm.  265 

The image processing language, IPL (Scanco Medical), was used for the segmentation of the 3D 266 

images. A block of 400 x 400 x 400 voxels (i.e., a block of 4 mm3) was cut out at a fixed position. A 267 

Gauss filter was used on this volume (sigma = 1, support = 2), and then an adaptive threshold was 268 

applied to segment the measured structure in a binary volume with air and ice structures (Fig. 1). The 269 

adaptive threshold searches for the minimum between the peaks of the histogram of the grey-scale 3D 270 

image. The SSA, volume density, grain thickness and pore size of the segmented volumes were 271 

evaluated with IPL (image processing language) (Hildebrand and Ruegsegger, 1997; Kaempfer et al., 272 

2005). The representative elementary volume (REV) is the minimal reasonable volume, which is 273 

necessary to define a macroscopic property of a material (Brown et al., 2000). The REV was large 274 

enough for this analysis, according to (Kaempfer et al., 2005), which suggests a size of larger than 275 

three to four structural elements in each dimension for the density estimation. For the ice beads, it 276 

would correspond to ~2 mm3. The resolution was also 3 times higher than that proposed by (Flin et al., 277 
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2011), and the analysed volume of 4 mm3 was 1.6 times bigger than the minimum REV proposed in 278 

(Flin et al., 2011). 279 

 280 

4. Results 281 

 282 

4.1 Thin sections and polarisation microscopy 283 

 284 

Using thin section and polarisation microscopy, the different crystals could be differentiated. The 285 

geometrical bond as well as the internal grain boundary were recognised. We observed polycrystalline 286 

and monocrystalline beads (Fig. 5).  287 

 288 

4.2 Stereology 289 

 290 

4.2.1 SSA and density, comparison to µCT 291 

 292 

The SSA for the ice beads was between 6-9 mm-1. This was slightly smaller than the values of the µCT 293 

evaluations. Considering all samples, the SSA measured by stereology was 1% to 28% smaller than 294 

that measured with the µCT (Fig. 6, Table 1), with an average of -19.8% and a standard deviation of 295 

12.3%. 296 

Density was slightly higher with the stereological method than with the µCT evaluation. A volume 297 

density of ~ 65% with the stereological method and ~ 60% with the µCT was obtained. When all 298 

samples were considered, the µCT produced a density that was 1% to 23% lower than the stereological 299 

method (average of 11.7%, standard deviation 12.1%) (Fig. 6, Table 1). 300 

The CE from stereology is always much smaller than the CV (CE =~0.02 and CV = [0.04-1.64]). This 301 
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means that the stereological estimates have a high accuracy.  302 

 303 

4.2.2 Quantification of grain boundaries and polycrystalline ice beads 304 

 305 

The SGBA was between 1 - 2 mm-1, and the SIGBA was between 4 - 6 mm-1 (Table 1).  306 

The percentage of polycrystalline ice beads was between 60% and 70% of the total ice volume. The 307 

SGBA for ice bead samples and the rounded-grain snow were also compared to the values given by 308 

image processing based on the method of (Theile and Schneebeli,2011) (Fig. 8). The image processing 309 

method provides a minimum value and a maximum value of the SGBA, depending on the chosen filter 310 

parameters. The stereological estimates of the SGBA were almost always between these intervals, and 311 

when not, the value of the stereology estimate was very close to either the minimum or maximum 312 

(Table 2). At least for rounded-grain snow, it was possible to estimate the size and distribution of bonds 313 

without thin sections. However, internal grain boundaries could not be detected. The ratio of SGBA 314 

over SSA was 17.5 ± 3.2 % for the ice beads, which is similar to the ratio found by (Flin et al., 2011) 315 

with a computer simulation based on a grain segmentation algorithm.  316 

 317 

4.3 Application to natural snow 318 

 319 

The stereological method was also tested on natural snow samples. Here, snow with small rounded 320 

grains (Fig. 9a) and depth hoar (Fig. 9b) are shown. To cut thin sections for snow, the same technique 321 

as for ice beads was used. Table 3 summarises these results. The relative error between stereology and 322 

X-ray tomography is similar compared to the ice bead measurements. We also prepared a sample with 323 

new snow. However, in this case, the grain boundaries were very small and few, such that a quantitative 324 

evaluation was not possible.  325 

The SGBA was compared to the image-processing algorithm for the small rounded grains (Table 2). In 326 
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the case of depth hoar, the geometry of the snow is too complex to find the correct GBAs with the 327 

computer simulation (Theile and Schneebeli, 2011). Comparison with the data of (Flin et al., 2011) 328 

shows a similar SGBA/SSA ratio for small rounded grains. For depth hoar, we found ratios 329 

(SGBA/SSA) of 24.6% and 22.1%, which are much lower that the ratio of (Flin et al., 2011) for similar 330 

snow types (ratio of ~ 40% for depth hoar). However, the snow samples were not the same and could 331 

not be directly compared. 332 

 333 

5. Discussion 334 

 335 

The ice beads have a much larger total GBA than would be estimated by their geometry because some 336 

grains are polycrystalline. For example, with the image processing technique using X-ray tomography 337 

measurements (Theile and Schneebeli, 2011), only the GBA that can be structurally recognised are 338 

found (Fig. 8); therefore, using only X-ray tomography with image processing would result in an 339 

underestimation of the GBA for the ice beads samples. 340 

The differences between the stereology measurements and the µCT measurements can be explained by 341 

the following sources of error. First, for the µCT measurements, this difference could have been caused 342 

by a slightly high threshold in the image segmentation. However, the segmentation algorithms did not 343 

show systematic biases compared to gas adsorption (Kerbrat et al., 2008). One of the pit-falls of 344 

automated image processing approaches based on threshold segmentation is the difficulty in 345 

determining the appropriate threshold level. Its modification would result in unforeseeable and 346 

confusing area and volume density changes. A second explanation, which originates from the 347 

stereological measurement, is the following: even thin sections of ice beads or snow have a noticeable 348 

thickness (Fig. 7). Visually, the thickness of the sample appears either dark or out of focus on the 349 

images. Both surfaces do not count for the stereological measurements but are sometimes difficult to 350 
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discriminate from the “true” surface. Therefore, it is possible that, inadvertently, too much ice structure 351 

is taken into account during the counting process, leading to an overestimation of the volume density. 352 

Because the SSA is inversely proportional to the volume density, an overestimation of the volume 353 

density will result in an underestimation of the SSA. This effect can be observed with the relative errors 354 

listed in Table 1. When the SSA relative error is negative, the density relative error is positive (Fig. 6). 355 

It also seems that these errors are, for most of the measurements with the ice beads, correlated. 356 

However, a given correlation function, permitting to correct the SSA and density data could only be 357 

valid for the ice beads because they always have approximately the same SSA over density ratio due to 358 

their similar structures. 359 

In addition, the stereological method and the µCT volume estimation are dealing with physically 360 

different samples; therefore, some sample variability must be expected. 361 

The CE is always much small than the CV, which confirms a high accuracy of the stereology estimates. 362 

However, a systematic bias, which is caused by the observer, cannot be excluded and seems to be the 363 

most difficult part in using stereology for snow and ice beads. In conclusion, the stereological method 364 

provides a good quantification of the ice surface area and is consistent compared to µCT 365 

measurements. The measurements could be improved by cutting thinner sections, which is, however, 366 

technically difficult. 367 

GBs are a very important property for snow chemistry and mechanical behaviour. Surprisingly, no 368 

reference was found where the amount of grain boundaries was quantified and to what degree snow 369 

was poly- or mono-crystalline. By combining stereology and polarisation microscopy, this could be 370 

quantified for ice beads and for natural snow with some limitations.  371 

The stereology method can also be used for natural snow samples; however, in this case of new snow, 372 

which has very few and small grain boundaries, such a quantitative evaluation was not possible. 373 

Image processing on µCT measurements (Theile and Schneebeli, 2011) allows, at least for rounded-374 

grain snow, for the estimation of the size and distribution of bonds without thin sections. However, 375 
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internal grain boundaries could not be detected. In the case of depth hoar, the geometry of the snow is 376 

too complex to discriminate GBAs with image processing. The problem, mainly in depth hoar, is that 377 

constrictions in the snow structure can be GBAs or simply a constriction in a mono-crystalline grain 378 

caused by the growth dynamic. 379 

 380 

6. Conclusion 381 

 382 

Design-based stereology provides consistent geometrical estimations of the samples. These results were 383 

confirmed by X-ray tomography. The SSA and the volume density calculated with both methods 384 

(stereology and µCT) were similar but show systematic differences. These differences are explained by 385 

the difficulty to define a unique surface of the ice grains for the stereological measurement. 386 

Furthermore, statistical analysis of the estimates confirmed that the stereological method and the 387 

sampling used are accurate. For snow types where a rotational isotropy in the vertical axis is justified, 388 

model-based stereology (as used in Matzl and Schneebeli, 2010) can be sufficient, and a simpler way of 389 

cutting is possible. The advantage of the design-based method presented here is that no assumptions are 390 

necessary. The additional effort in sample preparation is moderate. With the present stereological 391 

method, all snow types can be analysed, with the exception of new snow. The most important 392 

advantage of thin sections is the quantification of GBs because GBs cannot be observed with the µCT, 393 

and only for large grains using diffraction tomography (Rolland du Roscoat et al., 2011). 394 
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 486 

FIGURE CAPTIONS 487 

 488 

Fig. 1: Micro-tomography of the ice beads. Some bonds between the grains are clearly visible but not 489 

the mostly polycrystalline structure of most beads. 490 

 491 

Fig. 2: Sampling design for the ice beads using three randomly rotated vertical sections. The 492 

consecutive number indicates each step in the preparation.  From a) to c), three sections perpendicular 493 

to the sample bottom/top are produced with systematically added angles, starting at a random angle. 494 

The blue "random 0-15" arrow means take a random number between 0 and 15 and place the cut this 495 

number of millimetres distant from the left tangent (a & c) and from the right b). The cuts (A - C) have 496 

to be strictly perpendicular to the bottom of the sample. 497 

 498 

Fig. 3: Ice beads under polarised light microscopy. The upper grain is polycrystalline (yellow, blue and 499 
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greyish colours), while the lower grain is monocrystalline. The blue circles mark an internal grain 500 

boundary area (IGBA), the red circle is a grain boundary area between two ice beads (GBA) and the 501 

green circle is the location of the surface are (SA), which corresponds to the interface between ice and 502 

air. 503 

 504 

Fig 4: Screenshot from STEPanizer, final version 1 (version 0.22). Yellow circles: intersections I 505 

between surface area and cycloids, Blue circles: points hitting the ice structure Pice. 506 

 507 

Fig 5: Thin sections of ice beads under crossed polarisers. 508 

 509 

Fig 6: Relative error (%) between the stereological measurement and the X-ray measurement for the 510 

SSA and the volume density represented with box-plots. The stereological measurements give lower 511 

values than the µCT-measurements for the SSA and higher values for the volume density evaluations. 512 

 513 

Fig 7: Vertical visualisation of a thin section. Only the surface of the thin section has to be taken into 514 

account in the stereological measurement. 515 

 516 

Fig 8: Visualisation of the GBA segmentation using the image processing algorithm from (Theile and 517 

Schneebeli, 2011) of one of the ice bead samples. 518 

 519 

Fig 9: Thin section of natural snow samples under polarised light. a) Small rounded grains, b) depth 520 

hoar. 521 

 522 
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Table 1: Comparison of the SSA and volume density between μCT and stereology for the ice beads. Al-523 

so shown are the values for the specific grain boundary areas (SGBA, SIGBA). The statistics of the rel-524 

ative errors are plotted in Fig. 6. 525 

 526 

Table 2: Comparison of the SGBA (mm-1) evaluated using the image-processing algorithm by Theile 527 

and Schneebeli (2011) and stereology for eight samples of ice beads. Ice beads are very well segmented 528 

using the image-processing algorithm (see also Fig. 8). 529 

 530 

Table 3: Relative error between μCT measurements and stereology measurements for 3 types of snow: 531 

small rounded grains (see also Fig 7a), depth hoar (see also Fig 7b), depth hoar 2 (with a higher den-532 

sity than "depth hoar"). 533 

 534 


























