Spatial Variability of Snow Stratification in the Absence of Terrain Factors
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Abstract: Instrumentationand methods for measuring snow properties are compared in aninvestigationof mmto
m scale stratigraphy in a snowpack not influenced by topography, vegetation, or awarm and variable ground surface.
Field measurements were conducted within a20 x 20 x 2 m plot a& Pika Glacier, central Alaska. The snow was
characterized by 600+ point measurements of density, 400+ measurements of temperature, stratigraphic mapping in
19 snow-pits, and by pulse-radar imaging along 20 cross-plot profiles. Density was measured manually and was
calculated from electric permittivity, which was determined with a hand-held probe and by radar velocity analysis.
Manua measurements of density with stratigraphic mapping in snow-pit walls identified comparatively few layers,
suggesting arel atively homogeneous snowpack. Boththe permittivity probeand theradar imaging, however, identified
alarger number of layers based on density contrasts. An illuminated column of snow revealed extremely complex
stratigraphy, with micro layers extending mm in thickness and up to 10 cmin laterally. Despite minor variationsin
snowpropertiesat the mm scal e, major featuresinthe density and temperature profileswerelateral ly continuous over
10s of m. Radar imaging revealed more distinctive layering in late season snow, but laterally continuous layers
throughout thewinter snowpack. These observationsdemonstratethat snowpack stratigraphy ishighly dependent upon
choice of scale and measurement tool. Moreover, these data provide evidence for spatial homogeneity of snow

densification processes where the snowpack is not influenced by local terrain factors.
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1. Introduction

Many of the physical processes occurring in a
snowpack areintimately tied to the snow's density. For
example, density isan important factor in heat and mass
transport: high density favors heat conduction through
theice-grainlattice, while low density favors processes
of diffusion and convection (Yosida, et a., 1955;
Sommerfield, 1983; Colbeck, 1993). A snow's density
also influences its mechanical behavior, since both
Young's modulus and viscosity are dependent upon
density (Mellor, 1975). The spatia variability of snow
densityisthereforeimportant to numeroustopicsrelated
to snow including avalanches (e.g., Birkeland, 2001),
snow hydrology (e.g., Horne and Kavvas, 1997), andthe
transformation of snow toice (e.g., Alley, 1988).

We define two types of density based on origin: 1)
primary, which develops at the snow surface either
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during depositionor by subsequent reworking fromwind;
2) secondary, which evolves in situ subsequent to
deposition due to thermo-mechanical processes.
Primary density is afunction of precipitation rate, size
and type of snow crystals, and the packing and
disintegration of crystals by wind. Secondary density
results from volumetric creep due to normal and shear
stresses, and by the linked processes of heat and mass
transport.

Topography, vegetation and the ground surface
influence both primary and secondary densification
leadingto spatial variability withinthe snowpack. During
deposition, the interacti on betweenwind andtopography
results in significant short-length scale variations in
snow properties (e.g., Conway and Abrahamson, 1984).
Similarly, vegetation adversely effects wind-driven
transport and deposition of snow(e.g., Listonand Sturm,
1998). Following deposition, rates of compaction and
heat/mass transport may be influenced by vegetation or
by local topographic features (i.e., large rocks) via
spatial changes in snowdepth, areal variability in energy
exchange a the snow surface, and by causing local
anomaliesin heat flowwithinthe snowpack. Moreover,
thethermal conductivity and heat capacity of the ground



El-
S
E' i-
2B

°
I
[
o
()
~
(@)
N
Qe
e

Figure 1. Map of Pika Glacier (contoursin meters)
and study plot with labeled snow pits.

itself varies as it changes between rock, soil, or
vegetation types. Thus, the heat transfer to base of the
snowpack following the seasonal cycle of heat storage
and release (e.g., Anderson, 1998), varies spatially
beneaththe snowpack. The importance of these factors
for snowpack propertiesis demonstratedby Aronset al.
(1998) who modeled a two-to four fold increasein the
rate of faceting over arock outcropas comparedto over
soil.

Considering the complexity of terrain in
mountainous areas, it is not surprising that snow
properties have been found to exhibit significant spatia
varigtions a mountain locations (i.e.,, Conway and
Abrahamson, 1984; Birkeland et al., 1995; Birkeland,
2001). Yet, it is not clear how much of the observed
spatial variability is attributable to the influence of
vegetation, topography, and/or the ground surface, and
how much is due to inhomogeneity in
thermo-mechanical processes alone. Since thermal
conductivity and permeability of snow are strong
functions of density, horizontal density variations
resulting during depositioncould potential ly beenhanced
by secondary metamorphic processes acting with
feedbacks. Further complexity resultswhenthephysical
properties of a snow cover are affected by both the
properties of individual layers, and the sequencening of
thelayers(Colbeck, 1991). Thus, thereishigh potential
for complex spatial variations in natural snow covers
arising simply from randomness in stratification
processes.

Here we investigate snow stratigraphy in an apine
environment a the mm-to 20 m length scale. Our
objectiveis to gaininsight into the spatial variability of
stratification processes, especialy densification. In
order to isolate these processes, we selectedfor study a
snowpack that was not influenced by vegetation,
topography, or awarm and variable basad boundary. The
location providing these characteristicswasanopensite

on aglacier surface. The observed spatial changesin
stratigraphy at this site represent baseline variability in
depositional  and subsequent thermo-mechanical
stratification processes. An additional objective of this
work is to compare tools for measuring snow
stratigraphy.  These tools include standard snow-pit
mapping of stratigraphy, permittivity probe profiling,
illumination of a snow column, and radar profiling with
apulseradar systemthat has not beencommonly applied
to investigations of snow.
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Figure 2. Show stratigraphy mapped in snow-pit wall
based on hardness and crystal type. Manually
measured densities (D) shown at two locations. Show
crystals were classified according to international
standards (Colbeck et al., 1990). All 19 snow-pits
exhibited similar stratigraphy. Show-pit mapping
revealed the lowest level of stratigraphic complexity of
the methods employed, but was the only method that
identified crystal typesincluded a graupd layer.
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Figure 3. Density profiles collected at 5 cm spacing with the permittivity probe. Spacing between pitsis 6 m; the
top and bottom rows are orthogonal to each other, intersecting at pit G4. Profiles were collected in the snow-pits
shown in Figure 1. Tie lines between major density contrasts are shown. Major density contrasts are traceable

over the entire study plot.

2. Data Collection

2.1Field Site

Data were collected within a study plot located at
1615 m elevation, in the accumulation zone of Pika
Glacier, AlaskaRange, central Alaska(Fig. 1). Thestudy
plot extended 20 x 20 m laterally and from the snow
surface to 2-8 m depth. The study region was located
near the glacier’ s centerline inanareawhere the glacier
has no relief and maintains aslope of less than 2 degrees
for approximately 1 km aong its length. The width of
the glacier isapproximately 1 kmat this location, so the
study plot was a least 500 m from any significant
topographic feature.

Field work was conducted during the first week of
May, 2001, with winter conditions (cold and dry snow)
throughout the study period. Approximately 5m of snow
covered the previous summer’s snow surface. All data
were collected over athree day period, during which

some settling occurred in the upper 30 cm of the
snowpack. Because snow depthsweremeasured relative
to the snow surface, settling caused adiscrepancy inthe
vertical coordinates of data sets collected at different
times estimated to be +/- 3 cm.

2.2. Snow-Pit Mapping

Snow-pits 180-200 cm deep were excavated a 19
locations within the study plot. Snow-pits were located
on an orthogona grid with the horizontal spacing
between snow-pits no more than 6 m (Fig. 1). The
hardness of the snow, the size and type of crystals, and
the density were measured by weighing methodsin each
snow-pit. These datawere collected on both alayer-by
layer basis, and & 5 cm spacing. Stratigraphic layers
were identified primarily by hardness, but also by
variationsincrystal type. Snow crystalswere classified
according to international standards (Colbeck et a.,



1990). Snow temperature was also measured at 5 cm
spacing using a thermocouple array inserted vertically
into the snowpack. Repeated density measurements
revealed measurement error, believed to be inherent to
sampling the 100 cm® volume of snow, was about 10%.

2.3. Permittivity Probe

The real and imaginary permittivity and attenuation
of snowaround 1 GHz were measured to determine snow
density and wetness. The“Finnish Snow-Fork” (Sihvola
and Tiuri, 1986) was usedfor these measurements. This
permittivity probe consists of atwo prongedwave guide
that is inserted into the snow to measure the changein
the resonance curve between air and snow. The
measurement is basedonthereal part of the permittivity
of snow lowering the resonant frequency, and the
imaginary part broadening the resonance curve and
increasing signal attenuation a the resonant frequency.

Each of the 19 snow-pits were logged at 5 cm
spacing. The sensor averagesover acylindrical volume,
with the long axis parallel to the 6 cm length of the
prongs,andtheradius of influence decaying as 1 over the
square of the 1.8 cm separation of the prongs. The
resonator was inserted so that the long axis of the
measurement wasparallel to stratigraphy. Thus, thistool
identifies stratigraphy as density contrasts along the
digital series of sampled values. In dry snow, the
“Finnish Snow-Fork” has been found to yieldresultsthat
arewithin1% of similar dialecticsensors(Denoth, et al .,
1984). Error resulting from grain compression as the
fork is inserted into the snow is estimated at 1-2% for
the density range considered here (Sihvola and Tiuri,
1986). Thus, we bdieve the densities derived with this
instrument are accurate to greater than 5%.

2.4. Pulse Radar

Radar imaging was done with a pulsed radar system
using 900 MHz antennas. Ground- penetrating radar is
primarily sensitive to contrasts in electric permittivity.
In snow, the permittivity depends strongly on the
meltwater content and density. The snow in this study
was dry so radar imaging reveals stratigraphy as the
location of density contrasts within the snowpack.

The antennas were atached to a sled which was
pulled by rope from one side of the survey plot to the
other. This technique minimized the disturbance of the
snow surface. The system was triggered at 10 cm
intervals using a string odometer. Data were acquired
within the study area along 10 in-line (numbered)
profiles, and 10 cross-line (lettered) profiles. The
spacing between profilesin both directionswas 2 m.

2.5. [lluminated Column

Followingthe methods of K oerner (1971), acolumn
of snow with dimensions 2 m deep 1 m wide,and 10 cm
inthickness wasisolated and illuminatedfromone side.
This technique reveals fine-scale stratigrgphy, making
mm scale features visually identifiable. The column of
snow was photographedwithalarge format camera. The
image was then digitized a high resolution (1800 dpi)
for computer analysis.

3. Results

Stratigraphy mapped in the 19 snow-pits showed a
lowlevel of complexity with little variability acrossthe
reach. An example of the mapped stratigraphy is shown
in Figure 2. New snow near the surface was relatively
soft, but quickly gained “pencil” hardness by 0.75 m.
Based on hardness and crystal type, 5-8 layers
weretypically discernable from the pits. Crystal sizes
were less than 2 mm and showedlittle variability in both
the horizontal and vertical directions. In fact, the only
difference between stratigraphic layers based on crystal
size and type was the presence of graupe in several
layers mid-way though the snow-pit. The graupel was
abundant enough in one 2-5 cm layer to significantly
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Figure4. Radar profileswith overlain density profiles
from the permittivity probe. Show-pit locations shown
in parenthesis. Radar shows numerous density
contrasts, but little horizontal variability amongst
major horizons. The permittivity probe and the pulse
radar mapped similar stratigraphy.
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Figure 5. Pulseradar profilealong line 1 (see Fig. 1). Radar imaging shows numerous stratigraphic horizons with
little horizontal variability in the upper 5 m of snow. Region with low amplitude reflections at 3-5 mis early season
snow. The previous summer’s surfaceisat 5.5 m; snow stratigraphy shows a high level of lateral variability in the
year-old firn (5.5 mand below), probably due to summer melt processes.

reduce the snow’s hardness. The visua observationsin
snow-pits,however, wasthe only datacoll ection method
that identifiedthis potential weak layer in the snowpack.
Permittivity probe measurements revealed a least
twice as many stratigraphic horizons as the snow-pit
observations. Figure 3 shows results of density logs
measured in 8 snow-pits located aong two orthogonal
lines. Transitions between layers of the snowpack are
revealed by high amplitude inflections in the density
profiles. The probe produced a digita sampling of
density (5cm spacing), and so errors present in the
vertica coordinatesintroducescomplexity incorrelating
layers between profiles. All of the profiles exhibit a
minimum of 10-12 mgjor changes in density. These
density contrastsaresuperimposedonan overall trend of
increasing density with depth. Y et, density contrastsare

not dampened as higher densities are approached. Good
spatial correlation existed between major density
contrasts; most were traceable across the entire 20 m
study plot. For example, amagjor inflectioninthelogsat
120 cm depth is present in every profile except J1.
Some low magnitude contrasts are aso traceable
between all profiles. Furthermore, no profile exhibitsa
significant level of uniqueness.

The stratigraphy imaged with the radar is similar to
that identified by the permittivity probe, but is not
complicated by the digital sampling problem. The
locations of reflecting horizons generally agrees with
density contrasts mapped with the permittivity probe
(Fig. 4). Radar profilesshow lateral continuity of major
boundaries occurred a all depths and throughout the
survey area.  Some lateral variation in reflection
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amplitude existed, which may indicate subtle changesin
density contrast along specific horizons. The radar
gppears to resolve vertical stratigraphy on a scale of
roughly 5-10 cmwhichisnear the theoretical resolution
at this frequency. Excellent subsurface penetration is
observed with clear reflections to adepthof a least 8 m
(Fig. 5). Even at 4-5 m depth where the snowpack is at
least 8 months old, strong lateral continuity of layering
was present. A region of weaker amplitude reflections
existed from about 3 to 5 m depth. This relatively
homogenous snowwas deposited during the early part of
the winter. Below 5 m, greater lateral variation is
evident; this is likely the boundary between snow and
firn. Other data not presented in this paper suggest the
firn transitionally became glacial ice near adepth of 15
m.

The highest level of complexity of the snow
stratigraphy is revealed by the illuminated snow column
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Figure 6. (A) Photograph of back-
illuminated column of snow, with
depth shown in cm. Numerous
160 “micro” layersarevisible
—~  exending mmin the vertical and up
g to 10 cmin the horizontal. Major
— stratigraphic layersarein fact
%_ composed of multiple micro layers.
180 © (B) Grayscale values of digital
o version of the photograph.
Inflection pointsin curve indicate
stratigraphic boundaries; over 1000
boundaries are present in the
4100 image.
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(Fig. 6A). Layersof 1-10 cm thickness were clearly
visible extending across the 1 m wide column. In
addition, numerous smaller mm thick layers were
laterally continuous over 10 cm or less. These “micro”
layers formed tangential boundaries with layers above
and below, similar to cross-bedding in sedimentary
rocks. Closeinspection of al thick layersindicated that
they were comprised of multiple micro layers.
Grayscale values of the photographed column suggests
that over 1000 layers are present in the upper 130 cm
depth (Fig. 6B). Fourier analysisof the grayscale series
identified no frequency to the layering. Finally, asingle
icelayer 1-3 cmthick and 25 cm wide was present inthe
column. Icelayerswere not observedin any of other 19
snow-pits. The origin of this layer is mysterious as it
was completely surrounded by dry snow, and had no
vertical conduit connecting it to the surface.



4. Discussion

This snowpack, located in a setting without
vegetation, topography, or a warm and variable basa
boundary, demonstrated a high level of spatia
complexity in the form of micro layering. The cross-
bedded contacts between microlayerssuggest they were
primary features, although it is possible that contrasts
between layers were enhanced through secondary
densification processes. Micro layer horizons likely
represent storm events such as wind gusts, changesin
snowfall intensity, or changes in crystal type due to
changing conditions in the atmosphere. Assuming a
(high) precipitation rate of 2 cm/hr, the stratigraphic
column of micro layers represents deposition of
approximately 40 layers per hour. Thisequatesto anew
visibly distinct layer about every 3 minutes during major
snowfall or drifting events.

The macro layering, however, was not complex; the
lateral continuity of major layersover distances of 10's
of m suggests spatial uniformity of both primary and
secondary densification processes. Notably, we found
no evidence that micro layers were enhanced by
secondary densification processes to produce large
contrasts over short distances. Infact, the preservation
of microlayersimpliesthat secondary processes do hot
act quickly to obliterate initial density contrasts. This
affirms that the high spatial variability in snow
stratigraphy commonly cited is typically due to the
influence of local boundary conditions rather than
feedbacks between primary and secondary densification
processes alone. Hence, a degree of predictability is
implied, suggesting that it may be possible to model and
assess gpatial variability of snowpack stratigraphy in
complex terrain, provided the effects of topography,
vegetation, and the ground surface can be understood.

Thecauseof lowamplituderadar reflectionsinearly
season snow stratigraphy (3-5 m depth) is unclear.
Secondary densification processes such as compaction
and vapor transport shouldtend to gradually homogenize
the snow with time and depth (Kojima, 1967). The low
amplitude region, however, exhibits a relatively abrupt
transitiontotheregionof high amplitude reflections; the
transition is not gradational as would be expected from
secondary densification. A possible explanation is the
sudden emergence of the study plot from darkness and
shading, partway through the winter. Thiswould imply
that sun energy isimportant inproducing stratigraphy at
the site, either through production of loca katabatic
winds and/or heat transfer at the snow surface.

5. Conclusions

The study snowpack exhibited lateral continuity of
macro scale (cm thick) layers over adistance of 10s of
m and throughout the 5 m depth of seasonal
accumulation. Theselayerswereidentifiableby avariety
of methods, athough stratigraphic mapping in snow-pit
walls tended to reveal only about half the number of
layersother methods did. The continuity of theselayers
implies that primary and secondary densification
processesaonedo not cause large density contrastsover
short distances. The snow showed a very high level of
complexity in micro layering, with mm thick layering
extending laterally for up to 10 cm. Theselayers, which
are believed to be primary, numbered over 750 per m.
Micro layers were observable in an illuminated snow
column, but were not identifiable with radar, a
permittivity probe, or by standard snow-pit mapping;
hence, the level of stratigraphic complexity is highly
dependent upon scale, and upon choice of measurement
tool. Our observationsshow that stratification processes
leading to major horizons do not exhibit a high level of
spatial variability, implying that these processes are not
stochastic, and can be modeled permitted that boundary
conditions are accounted for.
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