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LIQUID WATER DISTRIBUTION IN A HIGH

ALTITUDE SPRING SNOWPACK

T. Carroll

It is well known that liquid water within a snow
reduces the mechanical strength of the snow (Wakahama,

75) by reducing the number of ice-bonds between the snow
's. Because the mechanical and shear strength of snow

~ary with its liquid water content, it is important to
~dy the permeation process, flow rates, and distribution

liquid water wi thin the snm.qpack.

To demonstrate the reduced strength of snow in the
sence of liquid water, Wakahama (1975) measured the hard-
s of the snowpack at different times. The hardness of the
face layer decreased remarkably as the liquid water content
reased. The Kinosita hardness value diminished by a
tor of 50 when the liquid water content increased from 0%
volume in the morning to 20-50% at noon (Wakahama, 1975).

The same process which reduced the strength of the
layer may be important in reducing the shear strength
immediately above an ice lens or other layers with a

need permeabili ty. Liquid water is capable of ponding
w ice lenses (Langham, 1974a) and, if the excess liquid

ter reduces the shear strength of snow immediately above a
tive1y impermeable layer within the snowpack, the

ferential weakening may lead to wet avalanche release.

Large wet snow avalanche cycles have been observed
San Juan Mountains in the spring of 1973 and 1974.

ing 1972-73 and 1973-74, over 30% of all avalanches
rded were wet avalanches. Of all the avalanches which

t the road during these two seasons, over 30% were wet
~ehes (Armstrong and Ives, 1976). Currently, the most
1y available data which can be used in the forecasting

wet snow avalanches is air temperature (Armstrong and·
,1976). \1hen the air temperature rises above O°C in
spring, and large quantities of melt water are introduced

to,the snowpack, large spring avalanche cycles have been
tiated during two of the five seasons studied by the San

Avalanche Project.

In the spring of 1962, work at Obergurgl (1980 m)
Swiss Alps indicated that there was a high occurrence
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of avalanche events when the surface snow layer exceeded a
liquid water content of 7% by volume (Ambach and Howorka,
1965). However, the study did not address the problem of
liquid water ponding over an impermeable layer and consequen
reducing the shear strength of the snow immediately above
the layer.

Types of Water Within a SrtoWpack

The terms used to describe the various concepts of
water within the snowpack have become unclear and may have
different meanings in different studies. The following is
an attempt to clarify the terms commonly used to describe
water within the snowpack:

1. "Water equivalent" means the amount of water that
would be obtained from the complete melting of a

. given volume of snow. This includes any liquid
water held in the snowpack as well as that in the
solid phase.

2. "Liquid water, water content, snow wetness,
gravitational water, and melt water" all refer to

. the amount of water in the liquid phase which is
present in the snow.

3. "Hygroscopic water or localized water" refers to
water molecules that have an energetically si9Oif"
cant binding to the snow crystals and remain
attached until final melting of the crystal,
assuming that no freezing intervenes. Water
by absorption is also in this category.

4. "Capillary water" is held by surface tension fore
in the capillary spaces of the snow. The pull of
gravity is insufficient to overcome the attraction
of the snow and water molecules. If the density
snow changes, or if metamorphic processes occur s
that the capillary spaces become modified, the wa
retention capability of the snow is correspondingl
modified. For dry snow, the water retention
capability is dependent on density and crystal S

5. "Free water" is defined in Snow Hydrology (1956,
p. 144): "Free water includes only that water
permanently held within the snowpack i.e., water
held by absorption and capillarity. It does not
include water in the process of percolating throu
the pack or water impounded in the pack as the
result of poor drainage conditions." Free water
stored in the pack by "retention storage".
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bove definition of liquid water, etc., includes free
~e ~ (retention storage) and water in transit (detention
"ateage) (Linlor, et al., 1975). Liquid water is usually
S~~ured as a percentage of total water equivalent of the
mea Ie (percent by weight) or percentage of the total volume
(am~centage by volume). In this study, all calculations of
~~cent liquid water are by weight.

~erimental Techniques

Measurement of liquid water has traditionally been
~ne by a number of methods, none of which is totally
satisfactory and include calorimetry, dielectric and microwave
~asurements, and centrifugal separation. Langham (1974b)
~scusses the various methods which have been used, listing
~e advantages and disadvantages of each, and including an
extensive bibliography classified by method and author.

In this study, liquid water is measured by a
~ntrifugal separation technique developed and described by
Langham (1971, 1974a). The principle of the technique is
s~ly to centrifuge a wet snow sample which has been placed
in a 50 ml centrifuge tube with a fine screen mounted near the
bottom. The centrifuge tube allows a sample 25 nun in diameter
w be taken from the pit face. As centrifuging progresses,
~e liquid water within the snow sample flows into the bottom
of the centrifuge tube where the water volume can be measured.
'1!1e major problem with this technique is to determine and .
mnimize melting of the snow sample as it is being centrifuged.
~gham has developed a repeated centrifuge technique which
ulows the melt due to centrifuging to be determined. Con
~uently, the amount of liquid water present in the snow sample
prior to centrifuging can be accurately determined to .25%.
l1gure 1 shows how a plot of the percent liquid water might
~ar after the same snow sample is centrifuged five times in
n ambient air temperature of 3°C and O°C. Also shown is the
lIlOunt of melt due to each of the five centrifuge operations.

principal advantage of the technique is that it is fast
nd can be repeated many times during the day. Figure 2 gives

e liquid water distribution for April II, 1976, at the snow
tUdy site on Red Mt. Pass using the above technique.

An estimate of the flow rates of liquid water can be
aa~~ by injecting coloured dye into the snowpack (Langham;

" 1974a). Ice crystals are coloured and placed in a small
~Zontal hole 1.5 m long within the snowpack so that liquid
1 r, percolating through the coloured layer, becomes
~red: One advantage of introducing dye in such a manner
t ~t ~ t can be deposited at any level in the snowpack so

th 1.t 1.S possible to compare the flow rates in depth hoar
those in fine~grained old snow. Further, it is possible
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Conclusion

A problem with any dye technique used to determine
flow rates in a snowpack is the structure of the snowpack
itself. Drains and pipes within the pack tend to be secon
routes for liquid water as it percolates toward the base of
the pack. Consequently, it is difficult to estimate the f1
rates for a homogeneous layer of snow. It is possible to
observe no apparent movement of coloured liquid water on th
pit face several hours after the introduction of the colo.n-~

snow crystals only to excavate a few centimeters and find
large quantities of coloured liquid water flowing down a
nearby pipe. A rough estimate of the f'low rate of liquid w
in fine-grained old snow is 27 mm/hr while the flow rate in
the depth hoar layer is 73 mm/hr. This technique is useful
however, to obtain a rough estimate of the relative permeabi
of individual ice lenses; dye may be introduced above an i
lens in order to determine the length of time necessary for
liquid water to pass through the lens.

to avoid the effect of incoming solar radiation which could
melt the coloured crystals if they were placed close to the
snow surface. A third advantage of tracing water drainage
in this way is that the pit wall can be excavated later to
observe the location of the coloured liquid water within th
pack. The location of the coloured liquid water can be
observed for up to 72 hours after the dye has been introduc
into the s nowpack.

Also, it is quite possible to observe the variati
in the effect that a particular layer might have on the Ii
water distribution during the snowmelt season. The layers
which are relatively impermeable at the beginning of the
season tend to become more permeable as the ice lenses rot
and the flow of liquid water enlarges the pipes and drains
in the snowpack.

Data describing the diurnal and seasonal liquid
water distribution within the snowpack is currently being.
used to develop a model to predict the liquid water distr~
during the snowmelt season. Such a model would be useful 1S
forecasting timely and accurate snowmelt hydrographs and ma
be useful in describing the mechanism of wet snow avalanches
and perhaps estimating the timing of wet avalanche release.

The centrifuge technique is rapid enough to allow
six or more distributions to be estimated during the day.
Figure 2 shows five liquid water distributions observed on
April 11th and ice lens locations. The effect of the less
permeable layers on the daily variation of the liquid water
distributions is evident.
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Discussion

PERLA: For measuring the liquid water in your snowpack, why
did you use the centrifuge technique, as opposed to
other techniques, such as calorimetry, or the dielectric
method?

CARRoLL: Calorimetry is a slow and sloppy technique. The
dielectric method requires expensive and complex
equipment, and is difficult to calibrate.

Do you account for angul~r velocity and time in
centrifuge measurements?
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CARROLL: The effects of both angular velocity and time duro
the centrifuge measurements are taken into account b
the least-squares procedure used to estimate the Ii Y.
wa~er content of -the snow sample prior to centrifuging
(Fl.g. 1). -

KUCERA: In your centrifuge separation, do you distinguish
between the water held in place by capillary forces
and the water available for gravitational flow? '

CARROLL: Yes, the centrifuge technique extracts only the
liquid water which is available for gravitational fl
capillary-and hygroscopic water are not extracted by
the technique.

MOORE: What do you mean by rotting of an ice layer?

CARROLL: Recrystallization of the layer to a weaker

WILLIAMS: Can you introduce rain into your model of
through the snowpack?

CARROLL: Yes, we consider rain to act as a surface source.

HOTCHKISS: Do you expect to develop a model for avalanche
forecasting in terms of liquid water content?

CARROLL: We would like to eventually, but we need more da
before we would be ready to model the effects of Ii
water on a slope.
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APPENDIX

Equipment Used in Field Work

The equipment listed below can be obtained from VWR
5 ientific, P.o. Box 7426, Denver, Colorado, 80207, (303)
~8-565l. (The company has many offices around the United:utes .) The catalogue numbers and prices listed below are
~en from the 1976 catalogue.

/

Item- Description Cat. # Price

centrifuge
(hand-driven)

With shaft speed
of 2500 rpm.
Swing diameter tip
to tip of 15 ml
tubes is l3~".

Screw clamp.

21170-009
(2-tube)
21170-020
(4-tube)

$ 72.40

100.25

4.71

5.95
(pack of 10)

Unbreakable, 21040-047
chemically resis- (50 ml capacity)
tanto May be
autoclaved. Molded
graduation; with-
out closures.

Powdered red. dye
to be mixed with
water, 25 g.

The centrifuge, modified to use two 50 ml tubes,
~ easily be hand-driven to an excess of 1800 rpm; consequently
developing over 400 g on the snow sample. A centrifuge modified
m accept four 50 ml tubes may allow the field work to progress

re rapidly. .

The plastic centrifuge tubes are better than glass
They don't break and a fine mesh screen can be fitted

~ily toward the base. A metal washer with the screen glued
to it can be glued to the shoulder of the conical tube in
CJrder to support the snow to be centrifuged.

Basic fuchin

Graduated,
conical, poly
carbonate
centrifuge
tube.
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FIGURE 2 LIQUID WATER DISTRIBUTION SAMPLED ON 1976 APRIL 11
1030, 1330, 1630, AND 1930 HOURS ON RED MT. PASS.
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