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SOME MEASUREMENTS OF SETTLEMENT IN A ROCKY
MOUNTAINS SNOW COVER

By James D. BERGEN

(Research Meteorologist, Rocky Mountain Forest and Range Experiment Station, 240 West
Prospect, Fort Collins, Colorado 80521, U.S.A.)

ABSTRACT. Snow-cover settlement was measured in a dry, annual sub-alpine snow cover in the Colorado
Rockies with settlement gages. Settlement viscosities were calculated from the change in gage heights over
various periods during the winter and early spring, and the associated overburden over the gages as estimated
from density measurements and precipitation records. When adjustments are made for local snow tempera-
ture, viscosities are in fair agreement with values found in the literature from similar snow covers, although
considerable scatter for a given snow density is found in all sets compared. The viscosity for a given density
does not appear to vary systematically with grain size.

Resumé. Quelques mesures de tas ¢ dans le manteau neigeux des Rocky Mountains. On a mesuré le tassement
de la neige dans le manteau annuel de neige séche en zone subalpine dans les Rocheuses du Colorado avec
des jauges de tassement. Les viscosités de tassement ont été calculées & partir des changements constatés dans
la hauteur de neige pendant des périodes variées au cours de ’hiver et du début du printemps, et les sur-
charges qui leur sont associées sur les jauges estimées A partir de mesures de densité et d’enr=gisirement des
précipitations. Lorsqu’on fait les corrections pour la température locale de la neige, les viscosités sont en bon
accord avec les valeurs pour des manteaux neigeux comparables repérés dans la littérature, bien qu’il y ait
une dispersion considérable pour une densité donnée entre les différents échantillons comparés. La viscosité
pour une densité donnée ne semble pas varier systématiquement avec la grosseur des grains.

ZUSAMMENFASSUNG. Einige Messungen der Setzung einer Schneedecke in den Rocky Mountains. Die Setzung einer
trockenen, subalpinen Jahresschneedecke in den Rockies von Colorado wurde mit Pegeln gemessen. Die
Setzungsviskosititen ergaben sich aus den Pegelinderungen iiber verschiedene Zeitabschnitte wihrend des
Winters und Frithjahrs; die mit der Setzung verbundene Druckbelastung der Pegel wurde aus Dichte-
messungen und Niederschlagsdaten abgeschitzt. Nach Reduktionen fiir die 6rtliche Schneetemperatur
stimmen die Viskosititen gut mit veréffentlichen Werten von ahnlichen Schneedecken tiberein, obwohl
erhebliche Streuung der Werte bei einer bestimmten Dichte in allen verglichenen Datensitzen festzustellen
ist. Die Viskositit bei bestimmter Dichte scheint sich nicht systematisch mit der Korngrdsse zu dndern.

INTRODUCTION

Field measurements of snow-cover settlement have been reported by Haefeli (Bader and
others, 1939), Atwater and others (1954) and Keeler (1969). These studies used settlement
gages similar in principle to those employed in the measurements to be discussed.

Laboratory studies of snow settlement have been described by a number of investigators
including Haefeli (Bader and others, 1939) and Yosida and others (1956, 1958). For moderate
loads ¢ and displacements, the contraction d! of a snow layer with thickness / has been shown
to be approximated by

dl g

m = ’; > (I)
where ¢ is the time, g is the acceleration due to gravity, and 7 is generally termed the settle-
ment viscosity with the units N m—2s in the SI-system but more commonly reported in the
literature on snow settlement in g wt cm~2 d.

If the snow layer neither gains nor loses mass during the settlement, and if it is laterally

confined or if its lateral extension may be neglected,

dp di

PY TR T (2)
where p is the average layer density. Since density can be more conveniently measured than
settlement, the fractional densification for particular snow layers has been more commonly
studied in the field. The estimates of » by Yosida and Keeler considered below are made
from densification measurements. While no objection could be made to such estimates for
settlement of dry, isothermal snow, the assumption of constant layer mass is less plausible for
layers in a natural snow accumulation with severe vertical temperature gradients.
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VISCOSITY AS A FUNGTION OF DENSITY AND TEMPERATURE

The settlement viscosity has commonly been assumed to be a function of snow density
and temperature. Other factors which have been considered peripherally include rate of
loading, grain size, and air permeability.

In most studies 7 has been correlated with p by an exponential function

= ¢ exp (bp). (3)

Yosida’s (Yosida and others, 1956) measurements on the densification of layers in an annual
snow cover indicated a value of about 21 cm? g! for b over a wide range of snow types and a
variation of 0.6 to 2.1 g wt cm~2d-! (21 kg m~2 d-¥) for ¢ depending on the snow tempera-
ture, which ranged from 0°C to —6°C.

Relation (3) was modified by Bader (1962) and Benson (1961) by allowing ¢ to vary in
proportion to the ratio p/(p—p,) where p, was a limiting density.

The dependence of n on local temperature is so severe that it is difficult to compare the
various p(7) relationships with field data taken in annual snow covers where sharp diurnal
temperature shifts are common. An exponential temperature relationship has been widely
assumed (Bader and Kuroiwa, 1962), i.e.

7 o« exp (Q/RT). (4)

The constant R would be equal to about 8.33 J deg—! g—*, T is the temperature in kelvins,
and @ is a constant similar to the activation energy for a chemical reaction.

Measurements in the laboratory and field yield a considerable range for @—from 84 ooo
J g7 to 40 000 J g~—with the value apparently decreasing with increasing snow density.
Assessment is complicated by the non-linearity of Relation (4); for a given mean daily
temperature, 7 calculated at that temperature would be in excess of a true average for
temperature variations typical of field conditions.

The relation of % to grain size has not been extensively explored. Bader and Kuroiwa
(1962) concluded that 5 varied with the cube of the grain size but this point does not seem
to have been studied extensively. This variation would be consistent with the very high 7
values found with strongly metamorphosed snow layers such as depth hoar.

OBSERVATIONS

The snow cover studied was in a forest clearing near Fraser, Colorado, in the late winter
of 1963 at an altitude of 3 000 m. The settlement measurements were incidental to a more
extensive study of the snow-cover energy balance, which was reported in a previous publica-
tion (Bergen and Swanson, 1964). A more detailed description of the instrumentation has
been given by Swanson (1968).

The gage consisted of a framework of light acrylic plastic rods weighing a total of about
500 g and centered on a thin nichrome wire. The framework was electrically connected with
the wire by means of a low-friction mercury contact. A second wire extended from the frame-
work to an overhead bracket and thence to a bridge circuit in an instrument trailer about
15 m from the settlement gage. The bridge circuit measured the height of the settlement
frame to within 5 mm.

The most plausible argument that the system did not distort the local settlement pattern
may be made from 2 photographic cross-section of the layer of snow containing the settlement
gages (Fig. 1) taken after the observations. The section, about ro cm thick (Fig. 2) was
photographed at night backlighted with a fluorescent tube light held vertically. The stratifi-
cation showed up in considerable detail, and was quite uniform around the gages located
near the center of the photograph.
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Fig. 1. Snow-cover cross-section photographed on 25 March at the location of gage array 1. The markers are at height intervals
of 20 cm. The gage wire is localed midway between the markers and the left edge of the figure. U.S. Forest Service Photo.

o . . : c »

Fig. 2. Excavation of gage array I for photographic cross-section. U.S. Forest Service Photo.
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Two gages were used in the study, about 10 m apart. During the period of observations,
a settlement framework was released by a remote device after successive accumulations of
snow.

Snow temperatures were measured by thermistors attached to the settlement frames as
described in a previous report (Bergen, 1968[b]). Densities were measured in pits dug about
15 m from the gages. Snow sampling tubes of the standard 500 cm3 SIPRE design were used
in the density measurements. A weighing-bucket precipitation gage was maintained in the
clearing on a platform about 30 m from the gage site.

PATTERN OF SETTLEMENT

If the ith deposition layer is defined as the layer bounded above by accumulation and
below by the previously dropped frame, the thickness of the layer, /;, may be written as

Iy = Z—24-a,

Zi, 24— being the heights of the ith frame and the previous frame above the soil surface. In
the case of the lowest layer just above the soil surface,
L = 2.

The average height of the layer, written 2y, is (zi+2i—1)/2. The value of z; was used to
correlate the data from the sample pit on density and other physical properties with a parti-
cular layer on the settlement gage.

The settlement frames of the two gages were not always placed on the pack simultaneously;
moreover, the electrical contacts for two of the settlement frames were defective with the
result that different deposition layers correspond to the same sequence numbers for the two
gages.

The intervals between measurements varied through the sequence. Settlement measure-
ments were usually made when a new framework was lowered to the snow surface, after an
accumulation of new snow.

The snow cover was dry until the last week of March. The rapid settlement between the
24 March and 5 April observations was during thaw conditions.

Snow samples for physical measurements were taken at successive 20 cm height intervals
above the soil surface. Tubes were filled just above the soil surface (at a height of 5 cm) and
at the surface by sinking the tube vertically into the snow. The trench used for density samples
was extended about 2 m for each profile and back-filled for about 1 m. The distance from
the sample pit to the two gages varied from 4 to 15 m as the trench was extended.

The density of a given snow sample can be readily measured to within 1%, (Bader and
Kuroiwa, 1962). Although some compaction occurs during the insertion of the sampling
tube, the effect is found in almost all density measurements reported in the literature taken
from standard SIPRE tubes. The most probable major source of error in estimating the
densities in the gaged layers from the trench samples was non-uniformity of the snow deposit
over the experimental area. .

Some index of this non-uniformity during the accumulation phase was provided by
measurements of snow temperature and total snow height. Snow temperatures measured at a
height of 40 cm showed less than half a Celsius degree variation along a trench extended for
more than 3o m some distance away from the gage assembly during night-time conditions
with strong vertical gradients. Total snow height on the same trench varied less than 2 cm
relative to the soil surface.

Correspondence of the measured densities with the densities at the gages could be checked
indirectly by using the measured settlements at the 5th gage levels at both gages, which were
centered at approximately 40 cm height and which showed appreciable contraction from
15 February to 21 March. The layer contractions (Table I) and density data (Table II)
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TasLe I, CONTRAGTIONS, TEMPERATURES, COMPUTED VISCOSITIES, AND PHYSICAL PROPERTIES FOR SELECTED LAYERS

Labsl Gage Layer Ale AlfhiiAt 4 " T 7] nofnt o d & Inlerval
(i) em d-T gwtem™? gwtem—2d  °C  gom™? gwtem™2d mm cm
A { I 1 1.2 00028 10,0 g 6oo —4.4 0.25  0.45 1 620 — 6 23 January —12 February
I 2 1.5 0.008 7 6.0 6go —7.2 0.22 0.28 194 ~ 21 23 January —i2 February
B 1 4 57 0.0277 2.5 9o —-10.8 o0.17 0.15 14 — 35 23 January —12 February
a { I g 1.5 o0.0088 7.6 870 ~10.,4 0.28 046 139 1.4 41 15 February— 2 March
I 2.1 0.012 3 4.4 360 —12.4 0.22 0.11 40 1.1 52 15 February— 2 March
D I % 7.2 0.0535 2.0 41 —13.0 016 0.I0 4.1 1.1 63 15 February— 2 March
E { I 8 o.g 0.013 3 3.0 230 ~12.0 0.2% 0,12 26 11 65 2 March -14 March
1 aQ 1.8 0,021 0 1.2 57 ~I2.1 0.Ig 0,12 6.8 1.6 4v2 2 March -~14 March
F 1I 4 4.5 00210 1.6 76 —g8 0.17  o0.ay 13 — 39 23 January — 2 March
G $) 5 6.0 o.a40 1.0 72 —~I2.1 0O.I5 a.12 9.0 1.7 47 12 February~15 February
H II 5 L2 0.0068 6.8 1 0oo —r1.0 026 o0.14 140 1.4 44 15 February— 2 March
II 6 0. 00054 3.9 720 —12.9 0.22 .10 72 1.1 56 15 February- 2 March

indicate that the ratio between the initial thickness of the 5th deposition layer at gage I to
that at the end of the period was about 1.26; the corresponding density ratio is 1.22. The
second gage shows a contraction ratio of about 1.16 for the same layer and period. Allowing
for the estimated error in the settlement measurements, about 109, error in the estimate of
the gage densities from the trench densities at a particular time and at the same apparent level
seems reasonable. The errors introduced by the subsequent interpolation procedure needed
to establish the time average of the local density at a particular depth are probably greater.

The density profiles corresponding to the mid-points of the intervals between settlement
measurements p;, were estimated by linear interpolation in time at each level between the
measured profiles density of Table II. These profiles were used to compute the overload
o as described below, and by comparison with the Z; values, to estimate the average density

of the layers during the settlement period. The average layer thickness (E) for an interval was
computed as the average of /; between the initial and final measurements for the interval.
The overload for a given layer 5; was computed as the total weight of snow above the height z;.

In these calculations, the density was assumed to vary linearly in the upper 20 cm of the
snow cover, with the density of the surface tube sample representing the value 10 cm below
the surface of the snow cover.

The above procedures could not be used to estimate either density or load for the interval
from 28 January to 12 February. For this interval, the mid-point density for each layer was
assumed to follow Equation (2) above, and was evaluated from the density values of 12
February and from the measured layer contractions. The overload for this interval was
estimated by subtracting the weight of the new snow accumulated in the weighing gage
between 2 February and 12 February from the computed overload of 12 February.

The effective temperature for a particular layer was assumed to be the average of the
temperature at that level in the snow cover at 14.00 h L.s.1. and 02.00 h L.5.T. measured with
thermistors mounted on the settlement frames during the observation period.

TasLE II. DENSITY MEASUREMENTS

Height 12 February 17 February 10 March 22 March
cm gom™3 gcm™3 gcm™3 gcm™?
o 0.300 0.200 0.215 0.231
20 0.244 0.212 0.223 0.244
40 0.268 0.267 0.319 0.326
6o 0.176 0.215 0.256
~Bo
100
SRF 0.124 0.136 0.190 0.268
cm cm cm cm
Surface height 53 74 77 8o
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The resulting estimates of loading and layer contractions were used via Equation (1) to
compute the settlement viscosity %. The estimated mean temperatures were used to correct
the viscosities to a standard temperature of 0°C by means of Relation (4), with @ assumed
to be 55.8 kJ. This value for @ is recommended by Bader (1962) on the basis of a survey of
published data, and is in accord with that computed by Yosida and others (1956) from
Haefeli’s data (Bader and others, 1939) on snow with densities near 0.30 Mg m—3, tempera-
tures near —5°C, and grain sizes in the vicinity of 1 mm. These conditions appear appropriate
to the snow cover studied.

Temperature-adjusted viscosities 1, are plotted against the average density p; in Figure 3.
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Fig. 3. Variation of “temperature-adjusted settlement viscosity” for selected periods and layers plotted against the local layer
density. Superscripls indicate estimated grain size in millimeters when available. The data points labeled DH are from
depth-hoar layers. Letlers refer to labels in Table L

The interpretation of the settlement paiterns is of course limited by the probable error in
the measurement of the gage heights. An inspection of Figure 1 reveals a wealth of vertical
strata, small compared to the height intervals between frames, and the temperature alnd
density profiles show sharp linear gradients. While using the depth changes for consecutive
settlement frames would more closely approximate the variation in these latter parameters,
the error (5 mm) is such that the viscosities for an apparent change in thickness of a centimeter
or so could be off by an order of magnitude. A more reasonable approach appeared to be to
average the viscosities calculated from the observed displacements in adjacent layers to form
an estimate for the viscosity corresponding to a total layer thickness of at lcast' 5 cm over
intervals for which the layer contraction exceeded about g cm. The gage resolution in such
a case would then allow no more than 25%, error in the calculated viscosities due to this
factor alone.
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The snow layers and intervals for which such calculations were made are indicated by the
brackets in Table I. The calculated viscosities are plotted in Figure 1 against the estimated
average density of the layer; the plotted points are identified by the letter labels given in
Table I.

The accumuiation at the time of the March measurements was the result of 18 storms
ranging in size from 1 to 22 kg m—=.

The use of the estimated daily average temperatures to make the viscosity adjustments
ignores the effect of the diurnal variations in temperature, which are pronounced in the upper
20 c¢m or so of the snow cover, The typical diurnal ranges in the average temperatures of the
snow layers bounded by the upper two settlement gages are approximately 2 and g deg for
the periods before 7 March, and 5deg for the later periods. The effect on the apparent
viscosity should be analogous to that of the annual temperature cycle correction considered
by Bader (1962) in his analysis for permanent polar snow deposits. However, the temperature
regime observed in the annual snow cover is poorly approximated by a sinusoidal variation,
particularly when temperatures are near 0°C at the snow surface. If a sinusoidal variation is
assumed, then the viscosities for the upper layers would be over-estimated by about 10%,
using Bader’s tabulated correction factors.

REsurTs

The dashed lines on Figure g correspond to the envelope of Yosida’s results reduced from a
temperature of —3°C to 0°C by the same correction made for the Fraser measurements.
Besides the latter results, the viscosities found by Keeler (1967) from density measurements
made in a natural snow cover, and viscosities computed from laboratory settlement measure-
ments by Haefeli (Bader and others, 1939) are also plotted on Figure 3. These values have
also been adjusted for temperature in the same fashion as the Fraser data. The superscript
numbers on the plotted Fraser data are average grain size in millimeters for the layer, estimated
from air-permeability measurements (Bergen, 1968[a]) for layers where such data were avail-
able, Haefeli reported initial density and air permeability for his samples, and the resulting
grain-size estimates are plotted with the data set. Keeler reported grain size from visual
estimates for the snow layers sampled.

The agreement between the three plotted data sets and Yosida’s relations is only fair;
the measured viscosities fall below Yosida’s data as densities decrease below about 0.24 g cm™3.
The agreement between the plotted data sets is almost as poor, with the viscosities calculated
from the Fraser data higher than either Keeler’s or Haefeli’s data. The Fraser data extend to
somewhat lower densities than the published sets and show no marked change in the trend of
the p(n,) relation.

There appears to be no adjustment based on grain diameter that would bring the three
sets of data into better agreement, although values for the depth-hoar layer, identified by the
symbol DH, are anomalously high (as noted by Bader), and there is an apparent tendency
for the viscosity at lower densities to increase with grain size.

CONGCLUSIONS

The results cannot be said to argue convincingly for the +validity of the exponential
expression of Equation (g), nor can deviations from that equation be explained by any direct
correlation with grain size. The settlement viscosity is very likely a strong function of the rate
of loading and/or the total thermal regime of the snow cover as well as the local density.
Computed viscosities are in general agreement with those in the literature.

MS. received 29 November 1976 and in revised form 10 March 1977

https://doi.org/10.3189/50022143000198041 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000198041

148 JOURNAL OF GLACIOLOGY

REFERENCES

Atwater, M. M., and others. 1954. Avalanche research: a progress report. Part I, by M. M. Atwater, E. R.
LaChapelle, R. M. Stillman and F. M. Foto. Appalachia, N.S., Vol. 20, No. 12, p. 20g—20.

Bader, H. 1962. Theory of densification of dry snow on high polar glaciers. II. U.S. Cold Regions Research and
Engineering Laboratory. Research Report 108,

Bader, H., and Kuroiwa, D. 1962. The physics and mechanics of snow as a material. U.S. Cold Regions Research
and Engineering Laboratory. Cold regions science and engineering. Hanover, N.-H., Pt. II, Sect. B.

Bader, H., and others. 1939. Der Schnee und Seine Metamorphose, von H. Bader, R. Haefeli, E. Bucher, J. Neher,
O. Eckel, C. Thams, P. Niggli. Beitrige zur Geologie der Schweiz. Geotechnische Serie. Hydrologie, Lief. 3. [English
translation: U.S, Snow, Ire and Permafrost Research Establishment. Translation 14, 1954.)

Benson, C. S. 1g61. Stratigraphic studies in the snow and firn of the Greenland ice sheet. Folia Geographica Danica,
Tom. g, p. 13-37.

Bergen, J. D. 1968[a].
International &’ Hydrologie Scientifique, 13¢ An., No. 3, p. 5-13.

Bergen, J. D. 1g68[b]. Some observations on temperature profiles of a mountain snow cover, U.S. Dept. of
Agriculture. Forest Service. Research Note RM-110. .

Bergen, J. D., and Swanson, R. H. 1964. Evaporation from a winter snow cover in the Rocky Mountain forest
zone. Proceedings of the Western Snow Conference, 32nd annual meeting, p. 52~57.

Keeler, C. M. 1967. Some observations on the densification of alpine snow cover. U.S. Cold Regions Research and
Engineering Laboralory. Technical Report 197. L
Keeler, C. M. 1969. Some physical properties of alpine snow. U.S. Cold Regions Research and Engineering

Laboratory. Research Report 2°71.

Swanson, R. H. 1968. A system for making remote and undisturbed measurements of snow settlement and
temperature. Proceedings of the Western Snow Conference, 36th annual meeting, p. 1-5. . .

Yosida, Z. [i.e. Yoshida, J.], and others. 1956. Physical studies on deposited snow. II. Mechanical properties
(1), by Z. Yosida [and 6 others]. Coniributions from the Institute of Low Temperature Science, Hokkaido University,
No. g, p. 1-81. .

Yosida, Z. [i.e. Yoshida, J.], end others. 1958. Physical studies on deposited snow. IV. Mechanical properties
(3), by Z. Yosida [and 5 others). Contributions from the Institute of Low Temperature Science, Hokkaido University,

No. 13, p. 55-100.

Some measurements of air permeability in a mountain snow cover. Bulletin de I’ Association

https://doi.org/10.3189/50022143000198041 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000198041



