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Differences in compaction behavior of three
climate classes of snow
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ABSTRACT. Inarecent paper (Sturm and others, 1995), a global scasonal snow-cover
classification system was developed with each class defined by snow properties like grain-
size and type. Here, characteristic bulk density vs time curves are assigned to three classes
using snow-course data from Alaskan and Canadian sites. Within each class, curves have
similar slopes and intercepts but between classes they are different. The relationship
between slope, intercept and snow rheology has been investigated using a finite-difference
maodel in which snow layers are assumed to behave as viscous fluids. Using observed
slopes, the density-dependent compactive viscosity of each class has been determined,
These are consistent with published values. Results indicate that load and load history
are less important to the compaction behavior than grain and bond characteristics, snow
temperature and wetness. The study suggests that differences in compaction behavior
arise primarily from differences in rheology, the result of climatically controlled differ-
ences in the character of the snow. This finding explains why regional snow densities have
been successfully predicted from air temperature and wind speed alone, without consid-

ering snow depth.

INTRODUCTION

It is easy to measure snow depth (hg), but other properties
less easily measured, like the snow water equivalent (SWE)
or the bulk density (p), must be known in order to solve
many practical problems. These include forecasting snow-
melt run-off, predicting over-snow trafficability or inferring
the snow thermal conductivity. Unfortunately, only snow
depth is measured at enough locations and at frequent
enough intervals to provide regional or global coverage. In
the United States, for example, SWE and p are routinely
measured at fewer than 1000 sites, while snow depth is meas-
ured at more than 15 000 sites nationwide. In order to incor-
porate snow into regional or global models, some method of
estimating the bulk density or SWE from this great wealth
of depth data is needed.

One method that has been proposed has been to associ-
ate characteristic values of p, or more frequently the evolu-
tion of p with time (time—density curves), with specific
geographic regions. Bilello (1957, 1969) identified four dis-
tinct time—density curves for North American snowpacks,
relating these to wind speed and air temperature. McKay
and Findlay (1971) recognized characteristic time density
curves for 11 separate regions in Canada, each identified by
its vegetation, a proxy indicator of climate. Dmitrieva (1954)
and Onuchin and Burenina (1996) showed an even more
direct link between bulk density and climate; in the work of
the former, p was related to the number of winter thaws and
high wind-speed events, and in the work of latter, p was
related to the snow depth, the duration the snow was on the
ground, and the winter air temperature.

In a recent paper (Sturm and others, 1995), we developed
a global seasonal snow-cover classification system. It has six
classes, each defined by a suite of physical properties such as
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the sequence of snow layers, their density, temperature,
grain-size and characteristics. Using 0.57 latitude by 0.5°
longitude climatologies of winter air temperature, wind
speed and precipitation (Legates and Willmort, 1990), the
classes have been mapped for the entire Northern Hemi-
sphere and checked against field measurements from Alaska
and elsewhere. With this wide coverage, if we could assign to
each class in the system a characteristic time density curve,
the maps could be used to estimate the bulk density at any
Northern Hemisphere location.

In this paper, we begin that process by defining regional
time—density curves for three classes of snow based on snow-
course data. We assume that differences in these curves are
primarily the result of differences in the bulk rheology of the
snowpack, which in turn results from differences in climate,
through its impact on snow characteristics, load and temp-
erature. Using a viscous-compaction model and the meas-
ured curves, we identify the bulk compactive viscosity for
each class of snow. We also use the compaction model to in-
vestigate what parameters (load, snowfall history and com-
pactive viscosity) are most important in determining the
bulk density. Our results suggest that the compaction beha-
vior is more sensitive to the snow characteristics than to
snow load or snowfall history. This helps explain why com-
paction behavior tends to be similar from year-to-year at a
specilic location, despite large year-to-year variations in
snow timing and depth.

TIME-DENSITY CURVES FOR TUNDRA, TAIGA
AND MARITIME SNOW

Five classes of seasonal snow can be found in Alaska (Sturm
and others, 1993); three (tundra, taiga and maritime classes)
are accessible along the road system. These differ in ways
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Fig. 1. Time—density curves for laiga snow, 1983—1994,
including our data and data from the USDA (1983~
1994a, b ). The average curve ( having the average slope and
intercept of the 11 lines) is shown as a heavy solid line and
the slope (m.) and intercept at t = —65d (b) are listed for

each curve.

that directly affect their compaction. Tundra snow (Benson
and Sturm, 1993) consists of alternating layers of depth hoar
and wind slab, the result of strong winds, sparse vegetation
to ameliorate the wind and low air temperatures that create
strong temperature gradients. The depth hoar is friable and
brittle but the wind slab can have great strength and bridge
the depth hoar. Total depth rarely exceeds 0.7 m. Taiga snow
(Trabant and Benson, 1972; Sturm, 1991) consists primarily
of unmetamorphosed recent snow overlying layers of ex-
treme depth hoar. Grain-size exceeds 20 mm at the base of
the snow and decreases with height. Depth ranges from 0.6
to 1.5 m. Bonding between grains and the strength of layers
can vary markedly but is almost always poor (Sturm and
Benson, 1997), making a fragile and brittle snow cover. Mari-
time snow, the product of a moist and relatively warm
climate, ranges from 1 m to more than 4m in depth. Melt
and rain-on-snow events are common, so the layers are of-
ten wet or contain a high percentage of icy features. Where
the snow does not exhibit wetted or melt features, equili-
brium (rounded) grains prevail.

Between 1989 and 1992, we monitored the density of the
snowpack at two places within each class. Measurements
were made every 5—6weeks using a 100 em” cutter and
digital balance. Bulk density was computed by taking a
weighted average of layer thicknesses multiplied by layer
densities. For the same classes, density has also been
obtained from snow courses operated by the United States
Department of Agriculture (USDA) National Resource
Conservation Service (NRCS). At each snow course, depth
and SWE are measured monthly, usually starting in Decem-
ber. The measurements are made by taking several snow
cores along a 50 m line and averaging the results. Based on
the length and weight of the core, the depth and SWE are
computed and published (USDA, 1983-1994a, b). Four or
five sites within each snow class have been selected such that
they span a wide geographic arca. For the selected sites, bulk
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Fig. 2. Time—densily curves for maritime, tundra and taiga snow classes, including data from this study, from USDA snow courses,
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"Table . Slopes and intercepts for time—density curves for three
climate classes of snow

Site Period Source Slope  Inter-
cept

kem *d 'kgm

Maritime

Alyeska 1989-92 This study 1.03 188

Valdez 1989-92 This study 1.03 184

Lowe 1989-92 This study 0.82 187

Coast 196170 (6sites)  McKay and 1.10 236
Findlay, 1971

Columbian 1961-70 (6sites)  McKay and 1.73 89
Findlay, 1971

Subalpine 1961 -70 (2l sites) McKay and 1.63 95
Findlay, 1971

Valdez 1983-94 USDA/NRCS 1.26 145

Moose Pass 198394 USDA/NRCS 2.04 39

Lower River 1983-94 USDA/NRCS 1.36 122

Grouse 198394 USDA/NRCS 1.08 169

Exit Glacier 1983-94 USDA/NRCS 1.31 109

Average 1.31 142

Tundra

Immnavait 1989-92 This study 0.19 236

Prudhoe 1989-92 This study 0.21 291

Resolute 1960~ Longley, 1960 0.10 292

Tundra, Alaska 195263 (7sites)  Bilello, 1969 0.17 324

Tundra, Canada  1961-70 (11sites) McKay and 0.53 241

Findlay, 1971

Average 0.24 277
Taiga
Granite Creek 1983-94 USDA/NRCS 043 130
Fairbanks 1985-94 USDA/NRCS 0.57 110
Fairbanks 1989-92 This study 062 136
Bonanza Creek 1983-94 USDA/NRCS 0.63 128
Caoldfoot 198394 USDA/NRCS 072 13
Taiga, Alaska 1952-63 (4sites)  Bilello, 1969 0.50 172
Taiga, Canada 196170 (9sites)  MecKay and 0.55 156

Findlay, 1971
Average 0.57 135

density (p = SWE/h;) has been calculated for the 11 win-
ters between 1983 and 1994, Unfortunately, NRCS data are
not available for the tundra-snow class.

Within each class, time-density curves tend to have
similar slopes and initial densities, both from place-to-place
and year-to-year. This is illustrated in Figure 1 for taiga
snow, where data from an area that spans 200 x 300 km,
and 1lyears in time, have been plotted. Between classes,
however, consistent differences are apparent (Fig. 2). Curves
for maritime snow are steep (indicative of rapid compac-
tion) with low initial values. Curves for tundra snow hardly
change at all over the winter, because pulverized drift snow
tends to be dense right from the start. Taiga snow shows in-
termediate behavior. To highlight that these are general

“Anintercept at t = 0 (1 January) makes little physical sense,
5o here we define the intercept as the bulk density value at
the start of the winter. This date, arbitrarily chosen to be
t = —65, corresponds with the three-hundredth day of the
year, or October 27, and is approximately the date of the
first sticking snow in much of Alaska and Canada.
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characteristics, time—density curves for the same three
classes from sites in other parts of Alaska and Canada
(Longley, 1960; Bilello, 1969; McKay and Findlay, 1971) have
been added to Figure 2.

1o quantify differences in time -density curves, each data
set has been fitted with a line (p = mt + b, where £ is time in
days measured from | January, m is the slope of the curve,
and b is the intercept at t = —65d", and p is measured in
kgm 7 (see Fig. 1). While the curves are not always linear,
this procedure has the advantage of identifying the major
differences in slope between the classes and it is simple. The
results are listed in Table 1. We note that for taiga snow,
slopes (m) range from 0.43 to 0.72, with a mean value of 0.57
(Table 1), while for maritime snow, slopes range from 0.82 to
2,04, with a substantially different mean value of L.31. Tundra
snow has the lowest slope with a mean value of (.24,

Intercept values basically indicate the bulk snow density
at the start of winter but appear to be distinctive only for
tundra snow. Of the two tundra sites where we collected
data (Iig 2b), Imnavait Creek had lower winter wind
speeds than Prudhoe Bay (approximately 2 vs 4ms ' on
average ). The snow was correspondingly more dense at the
windier site. Still higher initial densities (but similar slope)
were found by Bilello (1969) in the Canadian Arctic Archi-
pelago, where wind speeds are even higher than for Arctic
Alaska. These data suggest an orderly progression for
tundra snow in which wind speed must be considered when
assigning the intercept value.

In'Table I, average slope and intercept values have been
computed for each class using the individual slope and inter-
cept values from each site. The class averages (bold type in
'Table 1) are assumed to be the coefficients for a general line-
ar regression equation suitable for predicting the bulk den-
sity as a function of time for the entire class. We can assess
the errors incurred in making estimates using these general
regression equations by predicting the bulk density at each
site and time in our dataset, then comparing the predictions
with the actual measurements. The results (Fig. 3) indicate
that at the 90% confidence level, predicted errors in density
are £62kgm % at the 80% confidence interval, the error
shrinks to £ 45 kg m Y,
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Fig. 3. Distribution of errors in predicted bulk density for
maritime snow (top) and taiga snow ( bottom ) showing the

80% and 0% confidence limts.
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CALCULATING TIME-DENSITY CURVES USING A
VISCOUS MODEL

The statistical approach described in the preceding section
can be used to estimate the regional bulk density but the
approach provides little information about the processes
that lead to densification nor does it allow for refinements
in which weather or other data might be used to improve
predictions. In this section, a compaction model is intro-
duced and used with the time—density curves to identify
compaclive viscosity values for the three classes of snow.
The model is also used to investigate what parameters are
most important in determining the bulk density of the snow.

The density of a snowpack is a function of its initial den-
sity and the compaction history of each layer of snow. The
rate of compaction of a layer is affected by its grain charac-
teristics, density, temperature, liquid-water content and
Joad. These vary with time and height in the snow, so each
layer has a unique loading history and set of environmental
conditions under which it compacts. Mechanical processes
affecting compaction include gravitational settling, grain
re-arrangement and creep. Water infiltration and refreezing
increase the rate of densification. If temperature and vapor-
pressure gradients are large compared to the rate of com-
paction, vapor transport may also measurably enhance or
retard the apparent compaction rate as depth hoar develops
(Trabant and Benson, 1972; Sturm and Benson, 1997).

All of these processes can be treated together by making
the assumption that the snow behaves as a viscous [luid with
an “effective” compactive viscosity, 7. (Keeler, 1967; Kojima,
1967; Bergen, 1978; Qin Dahe, 1990):

1dh 1dp o (1)

hdt pdt  ne
where h is the thickness of the layer, { is time, p is density
and o is the load. Values of 1. have been determined [rom
observations of the settlement of natural snow layers, from
uniaxial-strain compressive tests and from depth—density
profiles on glaciers and ice sheets. The combined results
show a wide scatter (Mellor, 1975; Ambach and Eisner,
1985) but individual sets of data are usually fitted with:

e = noe’” (2)
where 7 is the viscosity (Pas) at p (kgm % equals zero and
k (m® kg ) is a factor that depends on the type of snow, its
temperature and whether it is wet. When 7). is plotted on a
semi-log plot as a function of density, the resultis a line with
slope k. Values of k vary from less than 0,020 to more than
0.185 (Table 2), depending on the type of snow.

Equations (1) and (2) can be combined in a finite-differ-
ence form to produce an equation that describes the density
of a layer of snow at time i + 1, given its density at time #:

Pitl = pi + AN (3)

noe*s

Equation (3) has been used, layer-by-layer, to “build-up” or
model a snowpack consisting of 30 layers where each layer
compacts based on its individual load. Averaging across all
layers, the bulk density of the “built up” snowpack has been
determined as a function of time and from this the slope and
intercept of the time-density curve have been computed
(Fig. 4). The model has been run for values of k ranging from
0.011 to 0080 m®kg ' (all layers in the snowpack assigned
the same value of k), total loads ranging from 0.2 to
7.5kPa, from two to ten snowfalls per winter, and winters
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Table 2. Viscosity k values from studies in which snow type
was identified

Source Type of snow k value
m’kg !
Kojima (1967) Maritime 0,021
Kojima (1967) Maritime 0025
Kojima (1967) Maritime 0.027
Kojima (1967) Maritime 0.021
Kojima (1967) Maritime 0.021
Kojima (1967) Maritime 0.021
Kojima (1967) Maritime 0.020
Kojima (1967) Maritime to alpine 0.020
Kojima (1967) Maritime to alpine 0.033
Kojima (1967) Maritime to alpine 0.028
Keeler (1967) Alpine maritime 0.033
Keeler (1967) Alpine 0.038
Keeler (1967) Alpine 0.130
Keeler (1967) Alpine 0.062
Keeler (1967) Alpine 0.063
Keeler (1969) Alpine-new 0.185
Keeler (1969) Alpine-new 0.092
Keeler (1969) Alpine-new 0.088
Keeler (1969) Alpine-new 0.070
Bergen (1978) Alpine 0.034
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Fig. 4. Typical results from the viscous compaction model: (a)

load as a_function of time, (b) snow depth as a_function of
time, and (¢ ) bulk density as a function of time, with the slope
and intercept of the time—densily curve shown.

ranging in length from 50 to 150 days. Initial density and
no, while adjustable parameters in the model, were held
constant at 75kgm ° and 8.5 x 10° Pass, respectively, for the
model runs reported here.

Model results indicate that the slope of the time—density
curve is affected more by the k value than by the load or the
snowfall history. In Figure 5, slopes from time—density
curves determined using the model are plotted for a wide
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range of snow loads and intercepts. The slope increases
rapidly from 0.86 to 1.30 as the load is increased from 0.5 to
approximately 3 kPa (ten snowfalls) but it changes little as
the load is further increased to 7.5 kPa. This full-load range
corresponds with snow about 10 to 250 em in depth and
spans the range of most seasonal snowpacks. In contrast,
when k values are decreased from 0.080 to 0.010 (reading
from right to left on Figure 6), the slope increases by more
than a factor of ten (slope changes from 0. 2 to 24), with
neither load (ranging from 04 to 7.5 kPa) nor snowfall his-
tory (ranging from two to ten snowfalls a winter) having as
big an effect.
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Fig 6. Time-densily slope as a function of k value. Average
slopes _from Table I have been marked on the y axis and for
these k values have been determined; they agree reasonably
well with published values of k_from Table 2. Results for
several different snowfall histories (2,4, 6 and 10 snowfalls/
wanter ) have been computed for each end-of<winter load.
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Results for intercept values are more complicated. The
intercept is sensitive to the initial density of each snowfall,
the total load (Fig. 5), the length of the winter and the num-
ber of snowfalls. In general, increasing the total snow load
or the initial snowfall density, or decreasing the & value, the
length of the winter or the number of snowfalls, results in
increased intercept values. Thus, a short winter during
which there are a few deep, heavy snowfalls (with low k
values) has a higher intercept value than a long winter with
many thin, light snowfalls. Competing and possibly subtle
effects, such as wind drifting (with its high initial density
but many layers), or the fact that short winters tend to be
associated with lower snow loads, may not be represented
in the model in an adequate enough fashion to make the pre-
diction of intercepts reliable.

Average slopes for tundra, taiga and maritime snow
(Table 1) have been marked on the y axis of Figure 6, and k
values corresponding to these slopes have been determined.
For each class of snow, there is a distinct & value, which
means cach class has a unique density-dependent compac-
tive viscosity. The viscosity differences arise from differences
in grains, bonds, temperature and wetness, and the conco-
mitant compaction processes associated with the particular
type of snow. Tundra snow has a k value of 0.072; taiga snow
has a k value of 0.039, and maritime snow has a k value of
0.018. For maritime snow, the value determined using the
model is close to values determined by Kojima (1967) (Fig.
6; Table 2). For the other types of snow, the values are consis-
tent, at least in magnitude, with published & values. Unfor-
tunately, in most studies where compactive viscosity has
been measured, the snow has not been described in suffi-
cient detail to identify its type or the class [rom which it
came.

DISCUSSION

Our study suggests that differences in the compaction beha-
vior of the three classes of snow are due to climatically con-
trolled differences in grain and bond size, temperature and
wetness. As defined by Sturm and others (1995), each of
these classes has a distinctive suite of grain, bond and strati-
graphic characteristics that are insensitive to minor changes
in winter weather and so develop reliably throughout a
climate region from one winter to the next. These character-
istics combine to create a bulk snow rheology that is mani-
fested as a distinct effective compactive viscosity. This
rheology develops reliably from one winter to the next and
givesrise to characteristic time-density curves (Figs 1 and 2)
through the way the snow compacts.

Snow load plays a more limited role in determining the
compaction behavior than grain and bond characteristics
and temperature. There are two reasons for this: first,
though the load can change from one winter to another, in
general it is constrained between somewhat narrow limits
within a climate region. Secondly, the load has only a linear
effect on the bulk density (see Equation (3)), while the
grain-bond characteristics have an exponential effect
through their impact on the k value. Thus, changes in the k
value, reflecting changes in grains, bonds, temperature and
wetness, have a more pronounced effects on the slope and
intercept of the time—density curve than do changes in load.
This finding helps explain why studies in which regional
snow density has been predicted from air temperaturc and
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wind speed alone (Dmitrieva, 1954; Bilello, 1957; 1969) have
proved successful. Neither load nor snow depth are the pri-
mary factors in determining the bulk density.

At the grain scale, our results agree with the findings of
Bucher (1956). He found that the viscosity of snow increased
with (1) increasing grain-size, (2) increasing density and (3)
decreasing temperature. Thus, low-temperature tundra
snow, with its layers of coarse-grained depth hoar inter-
layered with slabs of high initial density, compacts more
slowly than relatively high-temperature, fine-grained mari-
time snow with its low initial density (Fig. 2),

Depth-hoar and wet-snow metamorphism also induce
density changes and these are superimposed on the grain-
scale effects, further enhancing viscosity contrasts between
classes of snow. Depth-hoar metamorphism, which primar-
ily affects tundra and taiga snow, tends to counteract the
densification process and therefore increases the effective
viscosity. Liquid-water percolation in maritime snow lubri-
cates and facilitates grain re-arrangement and tends to re-
freeze in pore spaces, increasing the densification rate,
thereby lowering the effective viscosity.

CONCLUSIONS AND RECOMMENDATIONS

This study relates two previously unconnected areas of
snow literature. It shows (Fig. 6) that observed differences
in the time—density curves from one climatic region to an-
other (Fig. 2) arise directly from differences in the rheologi-
cal properties of the snowpack in each region. These
differences can be expressed directly in terms of differences
in k values, which are a measure of the viscosity. The differ-
ences in viscosity arise primarily from differences in grain
and bond characteristics, and temperature. The viscosity is
less sensitive to the snow load or load history than these
other parameters, which helps explain why it has been pos-
sible to predict the bulk density successfully without consid-
ering the snow depth or load.

The bulk density of three climate classes of snow can be
predicted from empirically derived regression coeflicients
given in Table 1 but it should also be possible to make these
predictions using the k values listed in Figure 6, plus Equa-
tion (3). Using the former procedure is simpler but it can
result in errors as large as £62kgm * in bulk density, due
to the year-to-year variability in the snow. Using the latter
method opens the possibility of refining bulk-density predic-
tions by using measurements of air temperature and other
common meteorological inputs to adjust the viscosity when
computing time-dependent compaction. More work is
needed to understand how grain characteristics and temp-
erature affect k values and viscosity (the published litera-
ture is somewhat contradictory) but the effort might well
improve our prediction capability considerably.
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