
Summary: This study, which uses low-temperature scan-
ning electron microscopy (LTSEM), systematically sam-
pled and characterized snow crystals that were collected
from three unique classes of snow cover: prairie, taiga, and
alpine. These classes, which were defined in previous
field studies, result from exposure to unique climatic vari-
ables relating to wind, precipitation, and air temperature.
Snow samples were taken at 10 cm depth intervals from
the walls of freshly excavated snow pits. The depth of the
snow pits for the prairie, taiga, and alpine covers were 28,
81, and 110 cm, respectively. Visual examination revealed
that the prairie snow cover consisted of two distinct lay-
ers whereas the taiga and alpine covers had four distinct
layers. Visual measurements were able to establish the
range of crystal sizes that occurred in each layer, the tem-
perature within the pit, and the snow density. The LTSEM
observations revealed the detailed structures of the types
of crystals that occurred in the snow covers, and docu-
mented the metamorphosis that transpired in the de-
scending layers. Briefly, the top layers from two of the
snow covers consisted of freshly fallen snow crystals that
could be readily distinguished as plates and columns
(prairie) or graupel (taiga). Alternatively, the top layer in
the alpine cover consisted of older dendritic crystal frag-
ments that had undergone early metamorphosis, that is,
they had lost their sharp edges and had begun to show signs
of joining or bonding with neighboring crystals. A unique
layer, known as sun crust, was found in the prairie snow
cover; however, successive samplings from all three snow

covers showed similar stages of metamorphism that led to
the formation of depth hoar crystals. These changes in-
cluded the gradual development of large, three-dimen-
sional crystals having clearly defined flat faces, sharp
edges, internal depressions, and facets. The study, which
indicates that LTSEM can be used to enhance visual data
by systematically characterizing snow crystals that are
collected at remote locations, is important for under-
standing the physics of snowpacks and the metamorpho-
sis that leads to potential avalanche situations. In addition,
the metamorphosis of snow crystals must be considered
when microwave radiometry is used to estimate the snow
water equivalent in the winter snowpack, because large
snow crystals more effectively scatter passive microwave
radiation than small crystals.
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Introduction

The winter snow cover is comprised of snow crystals
that with time undergo considerable structural changes re-
ferred to as metamorphoses, a complex process that is in-
fluenced by the topography of the land, internal pressure
effects, and local climatic factors such as sun exposure,
temperature variability, precipitation rates, and wind his-
tory (Sturm et al. 1995, UNESCO/IASH/WMO 1970).
Using simple optical instruments, researchers have descri-
bed distinct types of snow covers, which are based upon the
structural features of the metamorphosed crystals that they
contain.

Through the years, various classification systems have
been proposed in an attempt to understand, characterize,
and classify the types of snow covers that are found world-
wide. One of the most recent systems is that proposed
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by Sturm et al. (1995), who used climatic factor analysis
to propose a seasonal snow cover classification system
that would apply to local as well as global situations. In
their system, snow covers are grouped into six classes:
tundra, taiga, alpine, maritime, prairie, and ephemeral.
Each class, which has unique textural and stratigraphic
features, includes visual descriptions of snow crystal 
morphology. However, the structural details of crystal
morphology are somewhat compromised by the optical
techniques that are used in the field to characterize the snow
crystals.

During the past decade, low-temperature scanning elec-
tron microscopy (LTSEM) has been used to examine crys-
tals of snow and ice (see review, Wergin et al. 2003).
Using this technique, samples have been collected in the
field and shipped to a laboratory by common air carrier
from distances as far as 5,000 miles (Erbe et al. 2003).
Delicate specimens of snow crystals and ice grains survive
the collection and shipment procedures and have been
stored for more than 3 years without undergoing any vis-
ible structural changes. With this technique, the samples
are not subjected to melting or sublimation artifacts. The
LTSEM allows individual crystals to be observed for sev-
eral hours with no detectable changes. Furthermore, the
resolution of the instrument permits recording of photo-
graphs depicting the true shapes of snowflakes, snow crys-
tals, snow clusters, ice grains, and interspersed air spaces.
This technique has been successfully used to describe
fresh precipitating snow (Rango et al. 1996a, 2003; Wergin
and Erbe 1994a, b, c; Wergin et al. 1995, 1996a, 2002;
Wolff and Reid 1994) and metamorphosed snow (Dominé
et al. 2003; Foster et al. 1996; Rango et al. 1996b; Wergin
et al. 1996a, b, c, 2003).

However, gaining a better understanding of snow physics,
as well as the impact and interactions of seasonal snow with
other components of the Earth system, such as cycling of
water and energy, requires more systematic and detailed
studies of snow crystal metamorphoses. For example, global
snow water equivalent (SWE) is an important water stor-
age component of the hydrological cycle and a major source
of water storage and runoff in many parts of the world.
Melting snow contributes upward of 70% of the total annual
water supply in the western U.S (Rango et al. 1989). In the
Hindu Kush Himalayas, snow and ice melt is a vital resource
for approximately 500 million people in surrounding coun-
tries. Therefore, more accurately characterizing snow cov-
ers, especially at local and regional scales, would be useful
to water managers.

To gain a greater understanding of snow crystal meta-
morphism that occurs in snow covers and to determine how
it may relate to estimations of SWE, the current study
sampled snow from three classes of snow covers: prairie,
taiga, and alpine. Snow samples from each of these classes
were systematically collected, measured and character-
ized in the field. In the laboratory, LTSEM was used to de-
scribe the structural details of snow crystals that were
found within each of these snow covers.

Materials and Methods

Sampling Sites

During the 2002 NASA Cold Land Processes Field
Experiment (CLPX) in Colorado, Intensive Study Area
(ISA) snow pits were excavated and analyzed using tradi-
tional field methods to quantify snow stratigraphy (partic-
ularly snow grain size), snow density, and snow temperature
in the vertical profile. Snow samples for LTSEM analyses
were collected from a snow pit in each of three different
ISAs. Each pit for LTSEM sampling was adjacent to a se-
lected pit used for the traditional analyses. In some cases,
the LTSEM sample pit face was an extension of the pit face
used for the traditional analysis. Both traditional pit analy-
sis and LTSEM sampling were conducted at nearly the
same time, enabling both methods to be compared. Full de-
tails of pit measurement data sets for the CLPX campaign
are described in Cline et al. (2002).

Prairie snow cover: The Illinois River ISA, which rep-
resents prairie snow cover, was located in the North Park,
Mesocell Study Area (MSA). The area consisted of patchy
snow and bare ground (sage brush—steppe vegetation).
For LTSEM sampling, a 28 cm pit was excavated near the
Illinois River, 300 m west and below the National Wildlife
Refuge parking area. Samples were taken from the north
wall of the pit at 10 cm intervals and from the snow surface.
At the time of collection, the air temperature was –4.5 C.

Taiga snow cover: The Frasier MSA, which represents
taiga snow cover, was located at the Alpha Sector of the
ISA, southeast of a young coniferous (predominantly
spruce-fir) and deciduous forest. For LTSEM sampling, an
81 cm pit, representing average snow cover, was excavated.
Samples were taken from the north wall of the pit at 10 cm
intervals beginning at the base of the pit. At the time of col-
lection, the air temperature was –3° C and light graupel was
falling.

Alpine snow cover: The Rabbit Ears MSA represented
an alpine snow cover. The pit site consisted of an open
alpine mountain terrain (alpine meadows) with interspersed
coniferous and Aspen groves. For LTSEM sampling, a 110 cm
pit, representing average snow cover, was dug in the Charlie
Sector. Samples were taken from the north wall at 10 cm
intervals beginning at the base of the pit. At the time of col-
lection, the air temperature was –4° C.

Sampling Procedures

Details for sampling snow crystals and ice grains were
according to procedures recently published by Erbe et al.
(2003). Briefly, all samples of snow and ice were collected
on sampling plates that were fabricated in the laboratory.
The plates, which were cut from sheets of stock copper 1.5 mm
thick, measured 15 × 29 mm. At the sampling site, a plate
was coated with a thin layer of a liquid cryoadhesive
(Tissue-Tek). The cryoadhesive and the plates were cooled
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to temperatures at or slightly below freezing. Immediately
after a specimen was collected, the plate containing the
cryoadhesive and the sample was plunged into a vessel of
liquid nitrogen (LN2). In all subsequent procedures, in-
cluding shipping, storing, coating, observing, and photogra-
phing, the plates containing the samples were maintained
at near LN2 temperatures (–196° C). At these temperatures,
the vapor pressure of water was not significant and subli-
mation did not occur at a detectable rate. Furthermore, re-
crystallization of pure water-ice does not occur (Beckett
and Read 1986) and fully frozen and hydrated samples re-
main stable for hours while being observed with the
LTSEM (Wergin and Erbe 1991).

To collect samples from snow pits, a precooled (LN2)
scalpel was used to dislodge snow crystals gently from a
freshly excavated pit wall. The crystals were deposited on
the cryoadhesive-coated plate, which was rapidly plunged
into LN2. To collect tightly bonded snow crystals from
their native site, an LN2-cooled scalpel blade was used to
dislodge grain clusters from the pit wall. The clusters were
collected onto a plate containing the cryoadhesive and
then cooled to LN2 temperature. This technique was also
used to sample sun crust and depth hoar, which existed in
the stratified layers of the snow pit.

Fracturing snow clusters was used to reveal the extent
of internal air spaces and details of bonding. Fracturing was
accomplished in the prechamber of the LTSEM by using
a pick to remove randomly a portion of the snow cluster or
ice sample. This process exposed a pristine internal frac-
tured surface that was then coated and imaged in the
LTSEM.

Shipping and Storing Samples

At the collection site, a forceps was used to insert plates
diagonally into square brass tubing, 13 × 13 mm, inside di-
ameter. The tubes containing the sampling plates were
lowered into a lightweight dry shipping Dewar or Cryopak
shipper (Taylor Wharton, Theodore, Ala., USA) that had
been previously cooled with LN2. The Dewar was carried
from the collection site and then either transported by ve-
hicle or sent by priority air express to our laboratory in
Beltsville, Md. The shipper, which is designed to maintain
LN2 temperatures for a minimum of 21 days when prop-
erly precooled, has been previously used to transport sam-
ples from numerous locations including remote regions of
Washington, North Dakota, and Alaska. Upon reaching
the laboratory, the samples were transferred to an LN2
storage Dewar where they remained until being further
prepared for observation with LTSEM.

Coating Samples

To prevent charging, frozen samples were coated with
2 to 10 nm of platinum by using a magnetron sputtercoat-
ing device in a high-purity argon environment within the
prechamber of the cryosystem.

Recording Images in the Scanning Electron Microscope

The commercial specimen holder, which was supplied
with the cryosystem, was modified to accommodate the
sampling plates (Erbe et al. 2003). For observation, the
specimen holder containing the plate was inserted into a
Hitachi S-4100 field emission scanning electron micro-
scope (SEM) (Hitachi High-Technology Corp., Tokyo,
Japan) equipped with an Oxford CT 1500 HF Cryo-system
(Oxford Instruments, Enysham, England). The cold stage
was maintained at –130° to –185° C. Accelerating voltages
of 500V to 10 kV were used to observe the samples. The
samples were imaged for as long as 2 h without observing
any changes in the structural features or in the coating in-
tegrity on the snow crystals or ice grains. Selected images
were recorded onto Polaroid Type 55 P/N film (Polaroid,
Cambridge, Mass., USA).

Results

Prairie Snow Cover

Field characterization of the snow pit (see Table I): The
prairie site at Illinois River ISA (site NISP16 at UTM
Zone 13, coordinate 39.45° E, 45.06° N) in the North Park,
Mesocell Study Area (MSA) was sampled at 15:20 h on
February 21, 2002. The traditional pit analysis measured
a snow depth of 13 cm and a snow water equivalent (SWE)
of 32 mm. At this location, the snow cover was variable and
could not support the measurement of snow density pro-
files. Therefore, snow density was measured as a single in-
tegrated value and repeated three times. The average snow
density for the Illinois River site was 244 kg m–3 with a
standard deviation of 13 kg m–3. The measured surface tem-
perature was –3° C increasing to 0° C at 0–3 cm above the
underlying ground surface. Two snow layers were observed:
a lower layer from the snow–ground interface to 12 cm and
an upper layer from 12 cm to the snow–air interface. Grain
axis sizes in the upper layer averaged 0.8 mm with a stan-
dard deviation of 0.4 mm. In the lower layer, the average
grain size was 2.5 mm with a standard deviation of 1.0 mm.
These statistics represent the combined small, medium,
and large crystal statistics for both short and long axes of
measurement.

Low-temperature SEM characterization: The layer of
newly fallen snow consisted largely of discrete hexagonal
plates and capped columns as well as fragments and vari-
ations of these classes (Fig. 1a). Most of the intact crystals
were in the 0.5 to 0.8 mm range and exhibited no signifi-
cant bonding.

A sun crust layer, which consisted of tightly bonded crys-
tals, was found beneath the newly fallen snow. This layer
was broken into small clusters for mounting on the sam-
ple plate. In this layer, the individual crystals, which meas-
ured from 0.8 to 1.2 mm, lacked the discrete edges found in
the newly fallen snow (Fig. 1b). Alternatively, these crystals



lacked crisp edges, exhibited some rounding, and were
tightly bonded. Flat surfaces, other than those resulting
from breaking the clusters, were rarely encountered.

Below the layer of sun crust, the samples consisted of
crystals that were less tightly bonded. Distinct crystals be-
ginning to exhibit flat faces as well as considerable round-
ing were apparent (Fig. 1c). The sizes of the crystals were
not significantly different from those found in the sun crust
layer; however, their features were characteristic of the
early stages of depth hoar formation.

The base of the snowpack was composed of large depth
hoar crystals. These crystals, which commonly measured 2
to 4 mm across, were considerably larger than those from
any of the upper layers (Fig. 1d). They generally exhibited
flat surfaces with well-defined edges along the vertical or
c-axis. Alternatively, examination of the horizontal (a-axis)
surfaces revealed a series of facets or steps that receded as
one moved from the edge to the center of the crystal.
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Taiga Snow Cover

Field characterization of the snow pit (see Table II):
At Fraser MSA, traditional snow pit measurements at the
St. Louis Creek, Taiga ISA (site FSSP09, UTM coordinate
42.46° E, 44.20° N) were conducted at 13:25 h on February
20, 2002. The total snow depth was 85 cm with a SWE of
167 mm. Four distinct layers were observed in the field with
boundaries at 25, 43, and 67 cm above the ground. Snow den-
sity progressively increased from 82 kg m–3 in the upper layer
to 227 kg m–3 and 230 kg m–3 in the middle two layers, and
239 kg m–3 at the base. Snow temperature decreased from
–3° C at the snow–air interface to –5° C in the second layer
from the snow–air interface and then steadily increased to
–1° C at the base of the snowpack. Grain size measure-
ments were not available for the uppermost stratigraphic
layer. For the second layer below the surface, between 67
and 43 cm above the ground, the average grain size was
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TABLE I Illinois River (North Park) data for February 21, 2002 (Site label: NISP16). The left hand line graph represents the tempera-
ture variation with snow depth where 0 cm is the snow–ground interface and 13 cm is the snow surface. In all three Tables, the bar charts
on the right represent long and short axes (LNG and SHT, respectively) grain size measurements for small, medium and large snow crys-
tals (SM, MD and LG, respectively) in each stratigraphic layer. For example, medium-sized crystals, long axis would be termed
MD_LNG. The stratigraphic layer, to which each bar chart refers is identified in the top left inside corner of that chart.
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FIG. 1 Samples of newly fallen snow crystals collected from the Illinois River site (Prairie Snow Cover). (a) Samples from the surface of the
snowpack largely consisted of hexagonal plates and capped columns having discrete edges and showed minimal signs of metamorphosis. The
majority of the crystals measured 0.5 to 0.8 mm and exhibited no significant bonding. (b) Sample of the sun crust layer taken 25 cm above ground
level. This layer, which consisted of old, tightly bonded crystals that formed a sun crust, was broken into small clusters for mounting and ob-
servation. The crystals in this layer measured from 0.8 to 1.2 mm and lacked the discrete edges characteristic of crystals from newly fallen snow
[see a]. (c) Samples from below the layer of sun crust contained crystals that were less bonded. Distinct crystals in this layer exhibited flat and
rounded faces. No significant growth in the size of the crystals was evident. These crystals are believed to represent the early stages of depth
hoar formation. (d) Samples from 5 cm above ground level consisted of large, distinct crystals commonly known as depth hoar crystals. These
crystals, which commonly measured 2 to 4 mm across, generally had flat vertical faces, but their horizontal faces exhibited a series of steps or
facets that receded toward the center of the crystal.

(a) (b)

(c) (d)
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0.9 mm with a standard deviation of 0.5 mm. At 43 to 25 cm
above the ground, the snow grain size average and standard
deviation was 1.9 and 0.9 mm, respectively, and in the basal
layer grain sizes averaged 3.2 mm with a standard devia-
tion of 0.5 mm.

Low-temperature SEM characterization: The surface of
the snow cover at this site had a fresh layer of crystals con-
sisting of graupel, commonly referred to as snow pellets or
soft hail. The majority of the graupel crystals frequently
exceeded 1.0 mm in length (Fig. 2a). A layer of dendritic
snow crystals, 10 cm deep, was found below the graupel
(Fig. 2b). Occasionally, a dendrite, which characteristi-
cally has 6 arms, was intact; however, in most cases only
fragments consisting of the dendritic arms were apparent.
The surfaces of the dendritic crystals were not sharply de-
fined but were more sinuous or somewhat rounded, indi-
cating an early stage of metamorphosis.

A 2- to 3-day old layer, which was found 11 to 19 cm
below the surface, also exhibited intact dendritic crystals,
dendritic arms, and early formations of bonded snow
grains. Crystals, which retained the general characteristics
of dendrites, exhibited more rounding than those in the
snow layer above (Fig. 2c). Crystals, which had lost most
of their dendritic characteristics, were bonded and meas-
ured 0.5 to 1.0 mm across (Fig. 2d).

The final layer of the snowpack, 44 to 81 cm below the
surface, was visually characterized as “faceted depth hoar.”

This layer was sampled at 55, 65, and 75 cm in an attempt
to illustrate the successive stages of metamorphosis that had
occurred in the Taiga snow cover. At 55 cm, the crystals were
more three-dimensional than the dendritic forms that were
found above and frequently approached 1 mm in length and
width (Fig. 2e). They were generally bonded; their external
surfaces occasionally exhibited flat faces with sharply de-
fined edges as well as more rounded surfaces. Small de-
pressions or holes were frequently apparent in the crystals.

At a depth of 65 cm, the crystals frequently exceeded
3 to 4 mm in length. Bonding with neighboring crystals was
generally evident. The crystal faces were more frequently
flat with sharply defined edges and central depressions,
which correspond to the cup-like features characteristic of
depth hoar crystals (Fig. 2f).

Finally, at 75 cm below the surface, large, three-dimen-
sional depth hoar crystals frequently measuring 4 mm were
found (Fig. 2 g,h). These crystals generally had sharp an-
gular external surfaces but varied greatly in their shapes.
Most of them were only lightly bonded but typically ex-
hibited steps or facets and had a depressed central core.

Alpine Snow Cover

Field characterization of the snow pit (see Table III): For
the Rabbit Ears MSA, a snow pit was excavated at the Walton
Creek Alpine ISA site (RWSP14) located at UTM coordinate
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TABLE II St. Louis Creek (Fraser) data for February 20, 2002 (Site label: FSSP09). The far left hand line graph represents the tem-
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FIG. 2 Samples of snow crystals collected from the Saint Louis Creek site (Taiga Snow Cover). (a) Example of graupel particle found on the
surface of the snowpack. The shape of the original snow crystal cannot be determined because of the hundreds of frozen cloud droplets that have
frozen to its surface. Graupel particles frequently exceed 1.0 mm in length. (b) Sample from the 10 cm layer of new snow that lies beneath the
graupel. Occasionally intact dendritic crystals were found, but generally this layer consisted of fragments or “arms.” The edges of these crys-
tals are not sharply defined but exhibit rounding indicative of an early stage of metamorphosis. (c) and (d) Samples from the 2- to 3-day old
layer that is found 11 to 19 cm below the surface. Two types of metamorphosed crystals are found in this layer: those that can be identified as
intact dendrites or dendritic fragments (c) and other more sinuous forms that are joined or bonded (d). The dendritic forms exhibit considerably
more rounding than is observed in the crystals from the upper layer. The bonded grains generally appear as relatively flat, amorphous structures
measuring 0.5 to 1.0 mm.

(a) (b)

(c) (d)
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FIG. 2 (continued) (e) Sample of snow taken from 55 cm below the surface. The crystals in this layer are more three-dimensional than the
dendritic forms that were found above. They frequently approach 1 mm in length, are generally bonded or joined, and their external surfaces
exhibit both flat faces with sharply defined edges and more rounded amorphous surfaces. (f) Sample of snow taken at 65 cm below the sur-
face. At this level, the snow crystals frequently exceeded 1 mm in length and width. The adjacent crystals are frequently joined or bonded.
The faces of the crystals are generally flat with sharply defined edges. Shallow depressions, probably corresponding to the cup-like features
characteristic of depth hoar crystals, are beginning to form. (g) and (h) Sample of snow taken at 75 cm below the surface. At this level, the
crystals are more three-dimensional and larger than those found in the layers above and frequently measure 2 to 3 mm. These crystals, which
correspond to the depth hoar crystals described in optical studies, generally have flat external faces and exhibit “steps” or facets and a de-
pressed central core or cup, which is characteristic of depth hoar crystals.

(e) (f)

(g) (h)
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36.03° E, 44.74° N. Traditional measurements were con-
ducted at 13:25 h on February 24, 2002. The total snow
depth was 104 cm with a SWE of 321 mm. Four distinct lay-
ers were observed in the field with boundaries at 93, 82, and
57 cm above the ground. Snow density increased from the sur-
face to the base. At the surface, density was 171 kg m–3 in the
upper zone. In the next layer from the top, the density was 291
kg m–3, increasing to a maximum of 364 kg m–3 in the layer be-
tween 82 and 57 cm from the base. The bottom layer had an av-
erage density of 337 kg m–3. Snow temperature was between
–4° C and –3° C in the uppermost three layers and increased
to 0° C at the base of the snowpack. The average snow grain
sizes gradually increased toward the base of the snowpack.
The surface layer average and standard deviation values were
1.0 and 0.5 mm, respectively. The second and third layers
from the snow–air interface had average grain sizes of 1.8 mm
with a slight difference in standard deviation (0.6 mm for the
93–92 cm layer and 0.8 mm for the 82–57 cm layer). The
basal snow layer had an average grain size of 2.2 mm and a
standard deviation of 0.9 mm.

Low-temperature SEM characterization: At 5 cm below
the surface, the snow samples consisted of dendritic fragments
which lacked sharply defined edges (Fig. 3a). The crystals were
rounded and exhibited some bonding. Ten cm below this layer,
none of the basic crystalline forms, that is, dendrites, plates,
columns,or needles,were apparent. Alternatively, this layer con-
sisted of crystals that had become more three-dimensional

and heterogenic in structure; no single, discrete shape prevailed
(Fig. 3b). The crystals lacked discrete edges. In addition, bond-
ing between adjacent crystals was readily apparent.

Samples collected from 25 cm below the surface exhib-
ited characteristics of the early forms of depth hoar. The
crystals were larger, measuring 0.8 to 1.2 mm, and some
bonding had occurred (Fig. 3c). Although no distinct flat
faces had formed, depressions or holes were occasionally
observed near in the centers of the crystals.

From 35 to 65 cm below the surface, the general ap-
pearance of the crystals did not change significantly. The
most noticeable change was continued growth, resulting in
depth hoar crystals that ranged from 1 to 2 mm at 65 cm
below the surface. In addition, the faces of crystals became
more flattened with descending depth (Fig. 3d). From 75
to 105 cm below the surface, the crystals consisted of clas-
sical depth hoar (Fig. 3e,f). Faceting became more promi-
nent, the crystals appeared to be only weakly bonded and
dimensions were in the 1 to 3 mm range.

Discussion

Historical Background and Terminology

Numerous studies have noted the wide diversity that ex-
ists in the structure of snow. As a result, investigators
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TABLE III Walton Creek (Rabbit Ears) data for February 24, 2002 (Site label: RWSP14). The far left hand line graph represents the
temperature variation with snow depth where 0 cm is the snow–ground interface and 104 cm is the snow surface. The second line graph
to the right represents snow density variations through the profile. The solid horizontal lines represent boundaries between discrete strati-
graphic layers.
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FIG. 3 Samples of snow crystals collected from the Walton Creek site (Alpine Snow Cover). (a) Sample from the 5 cm below the surface of
the snow cover. At this level the crystals consist of dendrites and dendritic fragments or arms that exhibit no sharply defined edges. (b) At 15 cm
below the surface, no classical crystalline shapes are apparent. Alternatively, the crystals that are found tend to be more three-dimensional and
heterogeneous in their forms. Their edges have become rounded and the amorphous shapes indicate that bonding of adjacent crystals has oc-
curred. (c) Twenty-five cm below the surface, larger crystals exhibiting bonding are prevalent. The crystals are amorphous, do not exhibit flat
faces, but occasionally contain depressions or holes (arrows). These forms represent the early stages of depth hoar formation. (d) Further growth
of the depth hoar crystals is evident in samples taken 35 to 65 cm below the surface. As a result, crystals range from 1 and 2 mm across and ex-
hibit more flattened faces.

(a) (b)

(c) (d)



using light microscopy, hand lenses, and macrophotogra-
phy have proposed classification schemes of the various
forms of snow crystals that are found in fresh and meta-
morphosed snow. These efforts began over 100 years ago
when Hellman (1893) and Nordenskiöld (1893) inde-
pendently observed that fresh falling snow occurred in two
basic forms, namely columns and plates. Similarly, attempts
to classify snow on the ground (metamorphosed snow)
were made using classical optical techniques (Colbeck
1986, Sommerfield 1969). To standardize the terminol-
ogy and to seek general agreement on a classification sys-
tem for new and metamorphosed snow, international
committees presented The International Classification for
Seasonal Snow on the Ground (Colbeck et al. 1990, ICSI
1954). This system, which is widely used today, describes
fresh falling snow as single class that can be subdivided into
eight subclasses consisting of columns, needles, plates,
stellar dendrites, irregular crystals, graupel, hail, and ice
pellets. Metamorphosed snow, which is considerably more
complex, is described in eight distinct classes each of which
has two or more subclasses. This nomenclature can be eas-
ily applied to the diverse crystal types that are found on the
surface and within the three types of snowpacks that were
sampled in our study, which provides greater resolu-
tion of the fresh and metamorphosed snow crystals as well
as the degree of bonding that exists between adjacent
grains.
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Low-Temperature Scanning Electron Microscopy
Observations

The LTSEM has been previously used to describe isolated
samples of metamorphosed snow crystals (Dominé et al.
2001, 2003; Foster et al. 1996; Rango et al. 1996b; Wergin et
al. 1996a, b, c). The LTSEM observations by Dominé et al.
(2003) confirm earlier conclusions (Colbeck 1983a, b, 1986;
Nelson 1998; Nelson and Baker 1996; Nelson and Knight
1998), which are based on light microscopic and hand lens
studies indicating that the fast growth rates probably lead to
crystals with flat surfaces and sharp angles; however, hollow
or concave faces can also result. The moderate growth rates
produce crystals with flat faces but rounded edges. Although
Dominé et al. (2003) also observed that even with slow to
moderate metamorphism, when rounded edges were common,
flat faces, sharp angles, and hollow faces could be observed,
suggesting that growth rates can be very heterogeneous. Our
results support this conclusion and suggest that even though
the depth of the snow cover can vary considerably (from 28
cm in the Prairie to 110 in the Alpine), depth hoar crystals with
sharply defined faces and flat surfaces can be found.

Significance of Metamorphism Studies

The importance of understanding the structure and meta-
morphism of crystals in the snow cover has been recently

FIG. 3 (continued) (e) and (f) At 75 to 105 cm below the samples are composed of classical depth hoar crystals. They have sharply defined flat
faces with depressions that reflect the internal faceting that generally exists in depth hoar. The crystals appear to be only weakly bonded and di-
mensions remain in the 1 to 2 mm range.

(e) (f)



reviewed by Dominé et al. (2003). Briefly, the structure of
snow crystals is important in quantifying the interactions
between the snow cover, soils, and vegetation (Boone and
Etchevers 2001), as well as in predicting the duration of
snow cover (Tappeiner et al. 2001). Metamorphism also
influences the mechanical properties of the snowpack
(Durand et al. 1999), a feature that is important in avalanche
studies (Armstrong and Armstrong 1987). In our study, the
presence of a layer of loosely bonded, three-dimensional
depth hoar crystals that developed at the base of the Alpine
snow cover helps explain why accumulating snow fields on
steep inclines (>45°) may reach a point at which the base
no longer supports the weight of the accumulating snow-
pack. As a result, a slab avalanche, consisting of the upper
portion of the snow cover, slides down the slope on the un-
derlying depth hoar crystals that act as the “ball bearings.”

Snow crystal size and shape also affect the radiative prop-
erties or albedo of the snowpack (Schwander et al. 1999).
For example, they influence natural microwave signals that
are used for satellite remote sensing studies to predict SWE
in the winter snowpack (Foster et al. 2005). Satellite mi-
crowave instruments (e.g., SMMR, SSM/I, AMSR-E) are
being used to estimate SWE at regional and global scales.
However, these estimates of SWE are sensitive to the phys-
ical properties of snow, particularly crystal characteristics and
density. Snow properties are often parameterized statistically,
which can increase uncertainty of the SWE estimates. Few
attempts have been made to represent dynamically the shape
of snow crystals in satellite-based estimation methods. Those
satellite sensors operating in the microwave portion of the
electromagnetic spectrum, at frequencies greater than about
20 GHz, are sensitive to snow structure and especially crys-
tal size. Large, flat faces and internal facets, which are char-
acteristic of the depth hoar layers found in our study, tend
to scatter the signal more than that of newly fallen or par-
tially metamorphosed snow crystals. As a result, in the mod-
els that have been developed to estimate the SWE, the
reduced signal (lower brightness temperature) would tend to
overpredict the amount of water that actually exists in the
snow cover. To ensure that remotely sensed observations are
not betrayed by faulty assumptions made about the size,
shape, and orientation of snow crystals within a snowpack,
studies such as ours, which illustrate the degree of faceting
in the depth hoar crystals, are needed to predict the degree
of microwave scattering that may occur in snow covers in dif-
ferent climatic/vegetative regions.

The ultimate intent is to make the passive microwave al-
gorithms (both passive and active) more physically based,
as well as more dynamic, so that they will be more re-
sponsive to varying snow conditions experienced during the
course of a snow season. Snow crystals collected and an-
alyzed in situ during season-long fieldwork, as well as
during planned Arctic transects (winter of 2006), will be
helpful in filling in the gaps about snow metamorphosis and
should ultimately improve the performance of the snow/
microwave algorithms. Modeling has been useful in this re-
gard (Foster et al. 1999); however, actual observations are
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required both to measure accurately the crystals and to ini-
tialize growth models.

Eventually, grain or crystal size and density models will
be developed and coupled to retrieval algorithms (Kelly et al.
2003). The baseline SWE algorithm for the NASA AMSR-E
product is

where Tb18H and Tb36H are the AMSR-E observed bright-
ness temperatures at 18 GHz and 36 GHz, respectively, ff
is the pixel fractional forest cover, and a is a coefficient de-
rived from radiative transfer theory that represents the av-
erage grain size of 0.3 mm and density of 300 Kg m3. These
values are considered to be average for North America dur-
ing mid winter. Recently, Foster and Chang (unpublished)
developed a theoretical relationship between grain size and
the static a coefficient of the Chang et al. (1987) SWE al-
gorithm, which forms the basis of this algorithm.

By accurately measuring these physical snowpack vari-
ables (grain size and density, and meteorological and ra-
diometric variables) through season-long field campaigns,
we will be filling a critical research gap about snow meta-
morphosis and how it affects the microwave response.
Ultimately this work will improve the performance of the
microwave snow retrieval algorithms.

Conclusion

Samples collected and analyzed in this study from three
types of recognized snow covers, namely, prairie, taiga, and
alpine, illustrate the importance of metamorphosis in snow-
pack evolution. Depth hoar crystals that accumulate at the
base of snowpacks have been found to affect passive mi-
crowave signals strongly. Estimates of SWE are often over-
inflated when snowpacks are composed of mostly large
crystals. Furthermore, the occurrence and amount of depth
hoar that accumulates help us to understand the metamor-
phic changes that lead to potential avalanche conditions.
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