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ABSTRACT. We investigate how temperature gradient and initial density influence
depth-hoar growth in snow and seek to better define the range of conditions under which
cohesive, or hard, depth hoar forms. Samples of 400 kg m * sieved snow were exposed to
temperature gradicnts of 20-80°C'm ', and samples of four different densities were exposed
to a 40°Cm  temperature gradient. Following exposure to temperature gradients, pene-
trometer tests were made on samples to determine the presence of solid and/or hard depth
hoar. Grain bond orientation was analyzed in section planes by two-dimensional stereo-
logical techniques where hard depth hoar developed. Results indicate that hard cohesive
depth hoar forms from rounded-grain snow having a density of 400 kgm * or greater, fol-
lowing exposure to a temperature gradient of 20°C'm "' or greater. Hard depth hoar appears
to consist of solid-type depth-hoar grains connected by necks, with vertically preferred
directions of grain elongation and organization of grain-to-grain chains. This work corrob-
orates Atikaya’s (1974) results, but extends his observation of formation of hard depth hoar to
weaker temperature gradients for high-density snow. Our results also indicate that hard

depth hoar is composed of faceted solid-type (anhedral) grains.

INTRODUCTION

Kinetic growth processes in deposited snow exposed to spatial
temperature gradients cause significant changes in seasonal
snowpack and multi-year firn characteristics. Among the
effects of these changes, the most significant is perhaps the for-
mation of incohesive layers of altered crystals (depth hoar) in
continental alpine snowpacks which reduce the strength of
the snowpack along laterally extensive horizons and are a pri-
mary precursor to dry-slab avalanche release. Alteration
occurs under conditions of strong vapor transport along a
temperature gradient at or greater than ~10°C'm ", typically
created by a thin snowpack (I m and less) separating a warm
ground surface (~0°C) from cold air, although grain-size,
texture and initial density are also factors. The grain-scale
processes responsible for kinetic grain growth are generally
well known and we do not discuss them here. Detailed analy-
ses are given by Colbeck (1983), Perla (1985) and Perla and
Ommanney (1985); a general review of heat and mass transfer
in dry snow is given by Arons and Colbeck (1995). Another
situation where kinetic growth forms are important occurs in
multi-year polar firn, where fall deposition of surface hoar is
commonly used as a visual marker horizon separating annual
layers (Alley and others, 1990). Low-density kinetic growth
horizons and heterogeneous firn layering also influence heat-
and vapor-transport properties and influence diagenetic
alteration of distributions of paleoclimatically significant
tracers in ice cores (Cuffey and Steig, 1998).

Kinetically altered grains that make up depth hoar are
classified morphologically according to their stage of develop-
ment. Solid-type depth-hoar grains are solid grains having flat
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surfaces and sharp corners, while skeleton-type depth-hoar
grains exhibit well-developed stepped surfaces and often form
cup-like shapes (Sommerfeld and LaChapelle, 1970; Akitaya,
1974). These types of depth hoar are also respectively referred
to as anhedral and euhedral depth-hoar grains (Bradley and
others, 1977). Both solid- and skeleton-type depth hoar pro-
duce weak layers owing to large grain-sizes (typically
>1lmm) and sparse grain-to-grain bonding, and it is this
weakness that makes depth-hoar layers so important in dry-
slab avalanche mechanics. Laboratory work by Akitaya
(1974) showed that a third very hard cohesive type of depth
hoar (hard depth hoar) formed when high-density (p) snow
(p >300kgm °) with a mean temperature of —7°C was ex-
posed to temperature gradients >39°Cim" . Hard depth hoar
shows much greater strength characteristics than the solid and
skeleton forms, and a better knowledge of the conditions
under which it forms is of value in improving understanding
of avalanche mechanics.

Snow texture (the grain and pore shapes, sizes, orienta-
tions and grain attachments which characterize a given
snowpack) is also altered by diagenetic processes like kinetic
grain growth, and these changes create further complexity
in the heat- and vapor-transfer characteristics of the snow.
Snow texture is generally anisotropic, but the degree of ani-
sotropy 1s accentuated by kinetic growth forms. Stereologi-
cal methods performed on plane sections cut from castings
of snow have been applied to characterize the grain-scale
structure, but it is difficult to make generalizations about
three-dimensional (3-D) snow structure on the basis of
two-dimensional (2-D) observations (Arons and Colbeck,
1995). Some fully 3-D analyses have been made (e.g. Brzoska
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Fig. I: Schematic of experimental apparatus.

and others, 1999), but these are extremely time-consuming.
In the present work we address the 3-D character of snow
texture to the extent that we compare analyses of sections
cut perpendicular and parallel to the direction of the
applied temperature gradient, but we exercise caution in
generalizing our stereological results.

The work presented here consists of a series of laboratory
experiments in which we investigated how the magnitude of
temperature gradient and the initial snow density control the
type of depth hoar that forms within snow samples. Our pur-
pose was to develop hard depth hoar in a laboratory setting
and attempt to more clearly define the range of conditions
(principally initial density and imposed temperature gradi-
ent) which favor its formation over the formation of incohe-
sive depth hoar. Samples of high-density (400 kg m ?) sieved
snow were exposed to four different temperature gradients,
and snow samples of four different types and densities were
exposed to a 40°Cm ' temperature gradient. In addition to
sieved snow and samples from natural snowpacks, samples
were taken from the base of a snowpack that had been con-
tinuously compacted by snowmobiles throughout a winter
season. Following exposure to a controlled temperature gra-
dient, penetrometer tests were made on the samples to deter-
mine the presence of solid and/or hard depth hoar. If hard
depth hoar was present, the orientation of grain-to-grain
bonds was analyzed in section planes by simple 2-D stereo-
logical techniques.

METHODS
Experimental apparatus

Snow was exposed to controlled temperature gradients by
placing samples in laterally insulated containers and control-
ling the end temperatures. The magnitude of the applied tem-
perature gradient was achieved primarily by choosing the
sample length appropriately, and maintaining end tempera-
tures at fixed values. Insulated cylindrical polyurethane plas-
tic tubes were used to house snow samples. The cylinders were
15 ¢cm in diameter and variable in height. Experiments were
conducted in a thermostatically controlled cold room (with
ambient room temperature maintained at ~—10°C, relative
humidity 52% relative to water). The columns were insulated
laterally in a 40 cm wide Styrofoam box, with only the ends
exposed (Fig. 1). The top of the column was in thermal con-
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tact with the ambient cold-room temperature but sealed from
substantial vapor loss by a metal plate, while the bottom of
the column was maintained at ~—2°C by a thermostatically
controlled hot plate. A thin sheet of Styrofoam inserted
between the sample base and the hot plate helped to buffer
the base of the snow column from spiky temperature changes
as the hot-plate thermostat cycled. Thermostatic cycling in
the cold room caused ~ £4°C variations in room air tem-
perature (and consequent changes in relative humidity) on
sub-hourly time-scales. Effects of variations in room water
vapor were minimized by the metal plate on the top of the
column, but the temperature variations carried conductively
into the top of the column would also force changes in relative
humidity within the column. For this reason, the temperature
gradient was calculated near the base of the column (between
5 and 10 cm and 10 and 15 cm measured from the sample base),
and all samples cut for analysis were taken from this region.

Snow temperatures were monitored with type T 25
AWG thermocouples placed in the snow samples at regular
vertical intervals in the center of the column with thermo-
couple wires brought in horizontally. Air temperature was
measured by a thermocouple at the upper surface of the
snow. The temperature at the base of the snow was moni-
tored with a thermistor. A thermistor was also used to meas-
ure reference temperature at the datalogger panel. The
datalogger was placed in an insulated container in order to
stabilize the reference thermistor from changes imposed by
the varying room temperature. The nominal accuracy of
the temperature measurements is £0.2°C.

Cast section planes were prepared according to methods
described in Perla (1982). Diethyl phthalate was used as a
pore filler in preparation of the section planes.

Horizontal and vertical section planes were prepared
and photographed before and after experimental runs for
the purpose of analyzing grain-size, grain shape, and orien-
tation of grain-to-grain bonds.

Individual snow grains and section planes prepared from
snow samples were photographed in reflected light on 35 mm
Kodak Plus-X film with a Wild M5 stereo microscope
equipped with a Wild Mkal photomicrographic camera.
Negatives were scanned at 600 dpi, with corresponding reso-
lution in the object space of ~198 pixelsmm . The images
were manipulated in Photoshop to enhance the separation
of grain images from pore filler, but difficulty was encoun-
tered in grain image separation because the section-polish-
ing method used (abrasive cloth) left striations on the
section surface which persist in the images. Consequently,
digital analysis was not possible, and stereological measure-
ments were made manually on prints, by standard methods
as described, for example, in Underwood (1970).

EXPERIMENTAL PROCEDURE
Imposed temperature-gradient experiments

Four samples of high-density (400 kgm ), rounded-grain,
sieved snow were exposed to various temperature gradients,
each for a period of 3 days. Snow for these experiments was
collected from mountain locations near our Boulder labora-
tory and stored at —10°C or less prior to use. Sieving of snow
into the test columns was done at low temperatures to reduce
sintering in the snow column. Care was taken in sieving to
insure a uniform snow texture, and grain diameter measure-
ments were made to confirm an initially uniform and isotro-


https://doi.org/10.3189/172756502781831098

Pfeffer and Mrugala: Controlling factors in depth-hoar formation and structure

Fig. 2. Snow grains from high-density, sieved snow prior to
experimental runs. Mean snow density is 400 kg m . Section
plane A is cut_from the longitudinal (vertical) axis of the
cast; section plane B is cut_from the horizontal plane. Grains
are outlined in one half of section plane A.

Table 1. Initial grain-size for sieved snow samples

Sample orientation and Mean grain Grain diameter ~— Sample
measurement direction diameter standard deviation size
d o N
mm
Vertically oriented section, 0.303 0.181 65

grain diameter measured
in horizontal direction

pic grain-size. Figure 2 shows typical initial snow textures on
sections oriented horizontally and vertically (i.e. parallel
and perpendicular to the applied temperature gradient),
and Table 1 shows summary statistics of grain diameter meas-
urements based on grain/grid intersection lengths made on
sections cut in directions oriented vertically and horizon-
tally. Within each section, measurements were made in two
mutually perpendicular directions. Grain-size was quanti-
fied by grain diameter in section planes, and was measured
by grain-boundary/gridline intersection lengths on section
plane images. The mean grain-sizes for the four sections dif-
fer by a maximum of 0.069 mm, which is approximately 3%
of the average standard deviation of the four means, and we
infer that no initially organized grain elongation or pre-
ferred direction of elongation exists in the snow columns.
The average initial grain-size for all measurements taken
as a single sample is 0.28 = 0.19 mm.

In addition to the four sieved snow samples, three differ-
ent initial snow types were collected in the field and trans-
ported, with sample orientation preserved, back to the
laboratory. These three samples, along with a fourth made
up of sieved snow, were each exposed to a 40°C'm ' tempera-
ture gradient. The initial snow types and initial and final den-
sities for this series of experiments are given in'Table 2.

Kinetic grain development was also investigated at the
base of a snowpack that had been compacted by snowmobiles
for an entire winter. Maintaining original orientation, snow
samples were transported back to the cold room for analysis.
Horizontal and vertical section planes were prepared and
photographed. The sampling area, located at the University
of Colorado Mountain Research Station, had an elevation of
2900 m, an easterly aspect, and a slope of approximately 10°.

Finally, one 20 cm column of snow was allowed to remain
isothermal (7' = —10°C) in an insulated container for 3 days
and was subsequently compared to the samples exposed to
temperature gradients.

Development of preferred grain-size and grain
orientation

From observations in natural snowpacks, grain-size and
shape change during metamorphism. Grains tend to enlarge
under the influence of kinetic growth conditions, and grain
texture, especially within polar multi-year firn, suggests that
grain elongation occurs in the direction parallel to vapor
transport. We sought to quantify these changes in the experi-
mental samples. It will be seen in the figures showing section
planes that the grain geometry (and grain-to-grain bonds in
particular) is not fully represented by single sections. This is
most obvious in low-density samples where many individual
grains have no connection with any neighbor in the section,

Table 2. Original type and density of snow exposed to a
40°Cm ! temperature gradient

Vertically oriented section, 0.325 0.204 59
grain diameter measured Snow type Initial snow  Final snow
in vertical direction density density
Horizontally oriented section, 0.269 0.200 74 kgm * kgm *
grain diameter measured in
horizontal direction on image . . .
Fresh snow: rimed stellar crystals with dendrites 32 123
Horizontal oriented section, 0.256 0.189 80 Boot-packed fresh snow 192 n/a
grain diameter measured in Rounded-grain snow from alpine snowpack 230 266
vertical direction on image Sieved rounded-grain snow, 1.6 mm sieve 400 396
487
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implying that the sample integrity is maintained by grain-
to-grain bonds lying outside of the section. The 3-D grain
structure and features such as anisotropy can be deduced
only to a limited degree from 2-D plane sections, and infer-
ences using classic stereological techniques (e.g. Under-
wood, 1970) are only valid under assumptions of geometric
regularity of grains (Good, 1987,1989). However, some infor-
mation on grain structure can be derived from collections of
2-D sections by comparing measurements of grain elonga-
tion from sections made at different orientations in the
sample column. Better grain-scale characterization can be
accomplished by high-resolution serial sectioning but was
not done here. Instead, we rely on mutually perpendicular
sections to reveal structures lying outside the plane of a
single section. The observations analyzed here are typically
made on length scales of the section images (typically 3—
5 mm); this length scale appears to be larger than the length
scale of microstructural grain/pore variation but small
enough to be a geostatistically stationary sample (Bloeschel,
1999), and we take this length scale to be the representative
elementary volume (REV) as defined by Bear (1988). We
note, however, that while this length scale may represent
local structural characteristics adequately, phenomena such
as vapor transport are strongly influenced by heterogeneity
in structure, and accurate modeling of such phenomena
requires knowledge of the variations of structural properties
over length scales larger than our REV.

Photographs of section planes that showed visual evi-
dence of grain elongation were analyzed for degree of orien-
tation (£2) according to line intersection methods described
in Underwood (1970), where

]Dn_Pp

Q=—""_"P
P, +0.571F,

The number of grain-boundary/gridline intersections per
millimeter with gridlines oriented parallel to a chosen axis
(in this case the direction of the vapor flux gradient) is rep-
resented by P, while P, represents the number of line inter-
sections per millimeter with lines oriented normal to that
axis. The value Q is typically expressed as a percentage
and gives a measure of preferred orientation with respect
to the chosen axis; its value will approach zero for grain fab-

Table 3. Grain diameter before and after experimental runs.
Average grain-sizes are shown for vertical (parallel to vapor
Slux) and horizontal (perpendicular to vapor flux) orienta-
tions before exposure to temperature gradient, and also_for verti-
cal and horizontal orientations after exposure, for the four
temperature gradients applied

Grain-size before exposure to temperature gradient (mm)

Vertical section Horizontal section
0313 0.262

Grain Size following exposure to temperature gradient (mm)

Vertical section Horizontal section

vT D vT D
°Cm ! mm °Cm ! mm
0 0.562 20 0.596
20 0.592 40 0.554
40 0.717 80 0.414
80 0.552 80 0.488
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rics having no preferred orientation whatever, and ap-
proaches 100% for a grain structure highly oriented in the
direction of the chosen axis.

Measurements of 2 were made on section casts from
samples exposed to temperature gradients of 0, 20, 40 and
80°Cm . For each temperature gradient, measurements
were made on sections cut on planes parallel to the direction
of the applied temperature gradient (that is, on planes con-
taining the gradient vector), and also on planes cut perpen-
dicular to the applied temperature gradient.

Mean grain diameter within section planes (averaged over
all gridline orientations for the section) is shown inTable 3.

Strength and hardness

Hardness values are used as a proxy for strength. Hardness
before and after experimental runs is given in terms of the
International Commission on Snow and Ice (ICSI) hand-
hardness scale (Colbeck and others, 1990) values between
R1 and R4, while hardness of R5 or greater was measured
with a flat-ended 8 mm diameter penetrometer adapted
with a spring scale. Sections of 125 cm® volume were cut
from the columns at 0—5 and 510 cm heights (measured
from bottom of the sample) for testing with this apparatus.

RESULTS

Effects of varying temperature gradient across high-
density sieved snow samples

Prior to experimental runs, sieved snow had an initial ICSI
hand hardness of R2, and snow grains were rounded with
diameters ranging from 0.3 to 1.0 mm (Fig. 2; Table 1). Hard
depth hoar formed in all samples of 400 kg m * snow that were
exposed to a temperature gradient. Necks formed between
individual faceted depth-hoar grains, linking the grains into
chains oriented with their long axes parallel to the direction
of vapor flux. Figure 3 shows plane-section casts cut parallel
to the vapor-transport direction following exposure to four
temperature gradients ranging from 0 to 80°Cm g Figure 4
shows plane-section casts cut normal to the vapor-transport
direction. In Figure 3, grains elongated parallel to the direc-
tion of vapor flux are present in the sections subjected to tem-
perature gradients of 20,40 and 80°C'm ', with the elongation
being more obvious at higher temperature gradients. Elong-
ated grains are not evident in the horizontal sections of Figure
4. Figure 5 shows line-intersection analyses of the sections
shown in Figures 3 and 4. The degree of orientation, as meas-
ured by € is indeed best developed in the vertical direction,
parallel to vapor transport, with the degree of preferred orien-
tation increasing with increasing temperature gradient.

One expression of the limitations of 2-D analyses of 3-D
grain distributions is clearly visible in Figures 3 and 4. Few
grain-to-grain bonds are visible in the section plane of the
sample that was allowed to remain isothermal (Figs 3a and
4a). Since the cohesion of the sample was maintained as it
was removed from the sample tube, grain-to-grain bonds
were evidently present but not represented in the particular
plane exposed in the section. Multiple parallel sections
would clearly give a better representation of grain shape
and connectivity, but this level of analysis was beyond the
scope of this study. This limitation points to the need for
comprehensive 3-D sampling and analysis, and efficient
methods for performing such analyses.
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Ig. 3. Effect of varying temperature gradient through high-density snow. Orientation of section planes is parallel to the direction of
vapor flux. The orientation of the temperature gradient is vertical and up ( heat flowing from bottom to top ). Mean initial snow
density was 400 kgm . (a) Isothermal; (b) 20°Cm '; (¢c) 40°Cm’; (d) 80°C'm .

Hardness

Sample hardness following exposure to a temperature gra-
dient is well correlated to the magnitude of the applied tem-
perature gradient. Figure 6 shows hardness as determined
by penetrometer as a function of applied temperature gradi-
ent, with hardness measured at two levels (0—5 and 5—
10 cm, measured from the base of the sample). A correlation
coefficient 72 of approximately 0.95 was calculated for a lin-
ear regression line relating hardness and temperature gra-
dient for both levels.

Effect of varying initial snow density

Of the four snow samples of differing densities that were
exposed to a 40°C'm ' temperature gradient, the formation
of hard depth hoar was evident only in the 400kgm *
sample, where hardness increased from ICSI R2 to R fol-
lowing application of the temperature gradient. At lower
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densities, sintering and alteration occurred, but hardness
was not increased. Sintering was sufficient in the sample of
230 kg m ~ rounded-grain snow for its integrity to be main-
tained as it was removed from the sample tube, and hard-
ness in this case increased from ICSI R2 to R4. Figure 7
shows section casts from the 230 kg m ? test, cut parallel to
the vapor-transport direction before and after application of
the temperature gradient. Grain growth is evident, but not
grain elongation or substantial neck development. Figure 8
shows the same test sample before and after application of
the temperature gradient with the plane sections oriented
normal to vapor transport. Little evidence of neck forma-
tion between grains was observed in the section planes from
this sample, although some faceting was observed.
Incohesive solid-type depth hoar formed in the low-den-
sity samples of fresh snow (32 kg m ) and boot-packed fresh
snow (192 kg m ). The low-density fresh snow was captured
as precipitation in the sample holder, and the boot-packed
snow was sampled in the field. Both were transported to
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Fig. 4. Effect of varying temperature gradient through high-density snow. Orientation of section planes is normal to the direction of

vapor flux. Mean initial snow density was 400 kgm . (a) Isothermal; (b) 20°Cm’’; (¢) 40°Cm’’; (d) 80°C'm .
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Fig. 7. Effect of exposing 230 kg m "~ rounded-grain snow to a
40°Cm " temperature gradient for 3 days. Orientation of sec-
tion planes is parallel to the direction of vapor flux. The orien-
tation of the temperature gradient is vertical and up (heat
Slowing from bottom to top). (a) Before exposure to
40°Cm’'; (b) after exposure to 40°C'm .

the laboratory in an insulated box. The snow in both of these
samples remained very incohesive following exposure to the
applied temperature gradient, and the ICSI hardness did
not change from its initial value of Rl, although casting
was possible. Figure 9 shows the 32 kg m > sample following
exposure to the applied temperature gradient.

Figure 10 shows the change in ICSI hardness following
application of the 40°C'm ' temperature gradient for the
four snow samples described above.

Effects of compaction

Figure 11 shows that hard depth hoar formed in the com-
pacted snow under the snowmobile trail. Bonded chains of
grains, having a morphology very similar to chains of
grains observed in laboratory experiments, were observed

https://doi.org/10.3189/172756502781831098 Published online by Cambridge University Press

Fig. 8. Effect of exposing 230 kg m ~ rounded-grain snow to a
40°C'm" " temperature gradient for 3 days. Orientation of sec-
tion planes is normal to the direction of vapor flux. (a) Before
exposure to 40°C'm " (b) after exposure to 40°Cm .

in the section plane of snow that was oriented parallel to
vapor transport. Angular and faceted depth-hoar grains
were observed in the section plane that was oriented normal
to vapor transport; however, no preferred orientation of
grain-to-grain bonding was observed in this section plane.

DISCUSSION

Effect of temperature gradient on the formation of
depth hoar

Judging from analysis of 2-D section planes and individual
depth-hoar grains, hard depth hoar appears to consist of
solid-type depth-hoar grains connected by necks, with verti-
cally preferred directions of grain elongation and organization
of grain-to-grain chains. The preferred orientation of grain-to-
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Ig. 9. Section plane of solid-type depth-hoar grains. Effect of
exposing fresh snow (stellar crystals, original density =
32kgm ) to a 40°Cm" " temperature gradient for 3 days.
The orientation of grains within the section plane is random.

Prior to experimental
run

B Following experimental
run

ICSI Hardness

32/123 192/ND 230/266 400/396
Initial/Final Density (kg m™)

Fig. 10. ICSI hardnesses and the types of depth hoar that
Jormed in snow samples of varying density.

grain bonds in the direction parallel to vapor transport indi-
cates that neck formation is dependent on vapor flux and
therefore is also dependent on temperature gradient. We note
that 2-D observations do not lead to firm inferences about 3-D
structure, and emphasize that the observations presented here
are compatible with the 3-D structures proposed but do not
entirely confirm the presence of those structures.

Hard depth hoar formed in high-density (400kgm )
sieved snow samples at all four of the induced temperature
gradients (20, 40, 60 and 80°C'm "), and the hardness was
well correlated with the magnitude of the applied tempera-
ture gradient. Hard depth hoar did not form in the sample
that was allowed to remain isothermal, although sintering
due to equilibrium metamorphic processes did occur in this
sample. These results suggest that the degree of sintering
and the resulting hardness of high-density sieved snow
samples is a function of the magnitude of the temperature-
induced vapor pressure gradient through the samples.

The results from hardness tests corroborate the results of
work by Akitaya (1974), which showed that the degree of
development of hard depth hoar in snow samples was depen-
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Fug. 11 Section planes prepared from snow taken from under
snowmobile trail at the University of Colorado Mountain
Research Station, 2 March 1997, at elevation 2900 m. Bottom
of snow sample was 3cm above snow/soil interface. Initial
snow density was 340 kgm . Sections are oriented vertically
( parallel to vapor flux ) in (a ), and horizontally ( perpendicu-
lar to vapor flux) in (b).

dent on the temperature gradient applied to the sample.
Akitaya (1974) showed that hard depth hoar will form in
sieved snow samples having a mean temperature of —7°C
and initial density of 420kgm * at temperature gradients
>39°Cm . However, Akitaya (1974) found that similar
snow samples actually decreased in hardness when exposed
to temperature gradients <30°Cm . Experimental results
from this study show that hard depth hoar will form in
samples of high-density sieved snow at a temperature gradi-
ent as low as 20°Cm . The absolute temperature level may
also have had an influence on hardness, since Akitaya (1974)
noted differences in hardness with varying temperature over
the range —7° to —20°C. A series of experiments in which tem-
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perature gradient is manipulated while the mean tempera-
ture 1s kept constant would help to resolve this question.

Effects of original snow type and density on the
formation of depth hoar

Experiments in which different snow types and densities
were exposed to a 40°C'm ' temperature gradient provide
evidence that the type of depth hoar that forms is related to
the original snow type and density. Solid-type depth hoar
formed 1in all of the samples, but hard depth hoar developed
only in the high-density (400kgm *) sieved snow. The
sample of rounded-grain snow having a density of 230 kg m *
was sufficiently sintered at the end of the experimental run to
be able to be removed from the sample tube as one piece
(Figs 7 and 8). However, neither the strength nor the charac-
teristic oriented grain structure (e.g. Fig. 3¢ and d) of hard
depth hoar was evident in these samples. Incohesive solid-
type depth hoar formed in the samples of low-density fresh
snow (32 kg m ) and boot-packed fresh snow (192 kg m ).

These results indicate that the formation of hard depth
hoar is dependent on snow density. Also, since snow density
1s dependent on the regularity of the shape of the snow
grains (Edens and Brown, 1991), the type of depth hoar that
forms is also dependent on grain shape. It should also be
noted that the 230 and 400 kg m "~ samples used in this study
both consisted of rounded grains. Therefore, a critical den-
sity presumably exists between these two values above
which hard depth hoar will form in rounded-grain snow.

Results of this study also suggest that hard depth hoar
formed only in the sample that had the smallest pore spaces
between snow grains, corresponding to the highest density.
The presence of large pore spaces within a snow cover
(Akitaya, 1974; McClung and Schaerer, 1993), combined
with a temperature gradient >10°Cm ' (Armstrong,
1985), promotes the formation of solid- and skeleton-type
depth hoar. Also, Colbeck (1993) reports that there is an
inverse relationship between the diffusion coefficient for
snow and the average pore size. Since vapor flux is depen-
dent on the magnitude of the diffusion coefficient and the
temperature-induced vapor pressure gradient (Perla, 1978;
Armstrong, 1985; Sommerfeld, 1987), an increased effective
diffusion coefficient, due to smaller pore size, must cause
the vapor flux to be high enough for the formation of hard
depth hoar at a temperature gradient of 40°C'm .

Effects of compaction

Compaction of snow throughout a winter season appears to
bring about the conditions necessary for the development of
hard depth hoar. As work by Edens and Brown (1991) has
shown, assuming spherical grain shapes, compression of
snow can cause a 3.5-fold increase in the 3-D coordination
number accompanied by pore collapse within the snow.
Compaction by snowmobiles at the study site most likely
caused a substantial change in grain morphology and there-
fore an increase in the number of bonds per grain as well as
a decrease in pore space. This, combined with an increase in
temperature gradient (due to a reduction in snow depth),
gave rise to conditions that were ideal for the development
of hard depth hoar.

Destruction of the branches of snow crystals may also be
necessary for hard depth hoar to develop. In this study, hard
depth hoar did not form in the cold-room experiment in
which boot-packed snow was exposed to a 40°Cm ' tem-
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perature gradient. Although the snow density was increased
to 192 kgm " by boot packing, most of the stellar arms and
dendprites on the original crystals were preserved.

CONCLUSIONS

Akitaya (1974) hypothesized that hard depth hoar is either
an assemblage of minute solid- or skeleton-type depth-hoar
grains, or a third completely different type of depth hoar.
Results from this study indicate that hard depth hoar con-
sists of faceted solid-type depth-hoar grains joined by necks.
Grain-to-grain bonds (necks) in hard depth hoar appear
to form in chains oriented parallel to the direction of vapor
flux. The formation of necks between depth-hoar grains is
evidently dependent on a vapor pressure gradient (Akitaya,
1974) and therefore on the temperature gradient that is pres-
ent through the snow. The dependence of the formation of
necks on applied temperature gradient gives rise to a corre-
lation between hardness (a proxy for compressive strength)
and the magnitude of the applied temperature gradient.
Whether or not hard depth hoar forms within a snow
cover exposed to a temperature gradient depends on the ori-
ginal snow type and density. A very hard cohesive form of
depth hoar was observed to form from rounded-grain snow
having a density of 400 kgm * or greater, following expo-
sure to a temperature gradient of 20°C'm ' or greater.
Compaction of a snow cover leads to densification and
can lead to formation of hard depth hoar if compaction
alters the original grain morphology of precipitated snow
such that the number of bonds per grain is increased and
the overall porosity is decreased. Densification of snow by
compaction increases the snowpack-scale temperature gra-
dient by reducing the thickness of the snow separating cold
air from warm ground. Densification also increases bond
density and thereby the bulk thermal conductivity, although
regardless of the values of the thermal conductivity, the
steady-state temperature gradient will still be the tempera-
ture difference between the air and ground surface divided
by snowpack thickness. The most important temperature
gradient for vapor transport — that crossing pores between
grains —1s controlled predominantly by changes in pore
size, with the gradient increasing with decreasing pore size.

Potential for further research

In experimental samples in which hard depth hoar formed,
there appeared to be very little difference in hardness (com-
pressive strength) in directions parallel vs normal to vapor
transport, although this was not investigated systematically.
It may be interesting to look at the differential shear
strength of samples of hard depth hoar in directions parallel
and normal to vapor flux.

Delicate intergranular bonding is easily disrupted by the
introduction of a casting pore filler, and consequently little
work has been done involving the preparation of section
planes from low-density snow. If an improved method can
be developed by which casts can be prepared from fresh
snow in order to show the arrangement of stellar and den-
dritic crystals within a snow cover, examination of delicate
crystal and grain structures may provide visible evidence for
the role of stellar arms and dendrites as depositional sites
(Sommerfeld 1983, 1987) for the development of solid- and
skeleton-type depth hoar.
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