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Irreducible water saturation in snow:
experimental results in a cold laboratory
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ABSTRACT. The porosity of wet snow is often about 50%; however, liquid water gen-
erally fills less than 10% of this pore volume. In order to relate the irreducible water con-
tent trapped in snow to its characteristics, we have conducted experiments in a cold
laboratory. The results show that irreducible water content, expressed as per cent of mass,
depends only on porosity. Experimental studies were restricted to homogeneous wet snow
samples. Therefore, we can only achieve a valid result in natural snowpacks when apply-
ing to an homogeneous layer of wet snow. Nevertheless, the results may be incorporated
into snow-cover energy-balance models to improve the retention and percolation predic-
tions. The thickness of the water-saturated layer observed at the base of the sample in our
experiments, was related to the ratio of the mean convex radius of curvature to dry den-

sity.

INTRODUCTION

Wet snow is a complex porous medium. The three phases of
water are present and liquid interacts with the solid struc-
ture. While grain metamorphism in snow is quite well
known, this is not the case for its physical properties. The
purpose of this study was to quantify the irreducible liquid-
water content and the thickness of the water-saturated layer
in wet snow. Liquid water does not penetrate snow uni-
formly (Colbeck, 1979a; Marsh, 1991; Schneebeli, 1995) so,
in Nature, it is difficult to find a large area of snow that is
homogeneously wetted. It is also difficult to find a wet snow
layer thick enough and with the desired densities and grain-
sizes. For these reasons, we have chosen to conduct our ex-
periments in a cold laboratory. Natural snow was collected
in the field, then prepared to obtain a desired type of grain.
To obtain an homogeneous sample, the snow was wetted by
complete immersion. The need to prevent the sample from
freezing or melting increased the difficulty of storage and
measurement.

After a description of methods and the characterization

of the samples, we describe the results of our measurements
of the irreducible water content and the thickness of the sa-
turated layer for different types of grains.

METHODS

Snow was collected in the field and brought into the cold
laboratory then metamorphosed to obtain different types
of snow. After sifting snow into a Plexiglas box (30 x 30 x 18
em”) with drainage holes drilled into the bottom (diameter:
10 ? m, spacing: about 5 x10 *m), the sample was put in a
larger vessel and slowly filled with water at 0°C to saturate
fully (about 5 minutes). The vessel was then emptied by si-
phoning and the sides of the Plexiglas box were removed.
Next, the sample was stored in an insulated box surrounded
by an ice-water bath to avoid melting and freezing (Fig. 1).
After storage for several hours, which allowed drainage
of the sample, the liquid water and snow reached an equili-
brium state with irreducible liquid water trapped in the
upper part of the snow and a saturated layer at its base
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Fig. I. Description of sample preparation: soaking a snow sample (1), siphoning (2) and storage at 0°C lo allow drainage (3).
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(Fig. 2). At this time, liquid-water content, snow-grain mor-
phology and the saturated layer thickness were measured to
characterize the snow. For the same sample, measurements
were generally done over a short period of time and sub-
samples were cut out at the same horizontal level.

Fig. 2. A typical snow sample after soaking and draining.
Irreducible liquid-water content was measured in the upper
layer.

Liquid-water content

The liquid-water content was measured using a freezing
calorimetry method (Jones and others, 1983). Iso-octane
was the freezing agent. The calorimeter and this agent were
maintained in the cold room at —=5°C. The cold room was
then warmed to about 0°C. Pre-weighed iso-octane was
poured into the calorimeter and, at the same time, a snow
sample was taken out of the insulated box. Using an alumin-
ium cylinder stored at 0°C (100 rmxl, a snow sub-sample was
cut out of the sample, weighed and poured into the calori-
meter, Then, the snow—iso-octane mixture was stirred to al-
low freezing of all the liquid water. The mass of refrozen
water, i.e. the liquid-water content, was determined by
measurement of the temperature variation. This method
gives a precise measure of the liquid-water content (Boyne
and Fisk, 1990). Measurement accuracy is 0.5 g water/
100 cm” snow.

Snow-grain morphology

The snow-grain morphology was characterized by taking
a few grains from the sample, putting them on a glass slide
and observing their silhouette through a microscope. A
picture-analysis system, developed at the Centre d’Etudes
de la Neige (Brun and others, 1987), computes the mean
convex radius of curvature from about 40 grains. Due to
soaking of the snow samples, grains from the unsaturated
wet snow and the saturated layer were wet grains, accord-
ing to the International Classification (Colbeck and others,
1990). Grain coarsening is rapid in liquid-saturated snow,
mean grain volume increases at a constant rate which is
(5-6) x 10 mm*h ! (Raymond and Tusima, 1979). Since
the pore space of a sample was filled with water, at least
for a short time, dramatic changes occurred in grain-size,
especially for the initially small grains, and grain shape.
Metamorphism rapidly leads to well-rounded grain con-

tours. So the radius of curvature is well representative of

grain-size.
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Here,“snow grain” refers to the individual grain, the par-
ticle comprising a single crystal. In wet snow, another
important characterization parameter is the size of grain
clusters. When the snow is wetted, but more precisely when
the water runs off, the grains are inclined to aggregate in
groups or clusters, due to an increase in the capillary forces
(Colbeck, 1979h). Unfortunately, the technique we used to
characterize grain-size does not allow measurement of clus-
ter size. The characterization of grains required that they be
frozen. The grains were isolated as well as possible on a glass
slide but we could not distinguish refrozen liquid connec-
tions from the ice bonds of clusters,

Saturated layer thickness

The thickness of the saturated layer at the base of the sample
was also measured. Tt varied from 1 to 11 em. When possible,
density and liquid-water content were also determined for
the saturated layer.

One of the difficulties of these experiments was to deter-
mine the time that a sample needed to remain isocaloric to
allow for drainage without a phase change. A high water
low was observed at the bottom of the snow shortly after
its removal from the water. 2 hours later the water flow had
become much lower. Measurements taken during the first
hours indicated that an equilibrium was reached after
4 hours for any type of snow. Indeed run-off goes on at a
very low rate, probably due to snow metamorphism. After
2 days, a decrease and a scattering of the liquid-water con-
tent (l.w.c) measurements was observed. This decrease was
probably due to side effects. The sides of the sample are in
contact with air at 0°C in the isolated box. This air-snow
interface modifies the Lw.c. distribution in its neighbour-
hood. Moreover, the efficiency of the isocaloric device was
sometimes doubtful (sides of some samples, stored for a long
time, were slightly refrozen). For intervals less than 2 days,
these modifications are limited and measurements made a
few centimetres from the side were not affected.

Our experiments were performed between 4 and
30 hours after the beginning of drainage. It was necessary
to use several samples to determine the time of drainage,
since the calorimetry method is destructive. An improve-
ment in the investigation of percolation should use a less de-
structive method, for instance time-domain reflectometry.

Snow-sample characterization

Thirteen samples were studied (Fig. 3). Six samples were
composed of small grains (Al-A6), six other samples con-
sisted of large grains (Bl-B3: depth hoar; B4-B6: wet
grains), B7 was a mixture of small and large grains. The pre-
paration of the samples and their characterization before
soaking are given in the five first columns of Table 1. After
the preparation stage, most of the samples were sifted into
the Plexiglas box, except samples B2 and B3 which were
prepared directly on the grid (bottom of the box) in order
to preserve the depth-hoar texture.

In order to sieve samples B4 and B3 easily, the refrozen
wet grains were lightly wetted with a warming system, using
the dielectric properties of snow (Brun and others, 1988).
The sifted sample was kept at 0°C for 2 days before wetting.
All the samples were soaked with water at 0°C except
sample B6 which was already filled with water for 4 days.

Grain-shape symbols used in Table 1 are defined in the
International Classification (Colbeck and others, 1990).
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Fig. 3. Snow grains from each sample, before ( dry ) and after (wet ) soaking. The distance between the two light black lines is 0.2 mm.

Initial snow density was deduced from the weight of the for each sample. Variations in density were observed for a
whole sample. few samples. These variations were produced during the sift-
ing of snow and due to interaction with the sides of the box
(snow was more dense in the middle). They had an effect on
liquid-water content and the limit of the saturated layer was
The last five columns of Table | give values of measurements slightly higher in the middle of the sample.
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Table 1. Table of measurements, for each sample. m.c.. is the mean convex vadius of the grains

Initial snow characteristics
Just before soaking

Unsaturated wet snow Water-saturated layer

Sample Snow Grain m.c.r. Density M. 1. Lw.e. Density Thickness m.e.r.
number preparation shape
% 10°m kgm ’ *10°'m % permass kgm cm X 10" m

Al (1) Stored 1weck at—18°C [+ 0.13 235 0.19 1.5 381 5 0.29
0.19 119 362
0.19 124 365

A2 Prepared as for sample Al !/ 0.15 268 0.19 12.8 368 ) 0.26
0.19 134 359
0.19 127 379

A3 (1) Stored Imonth at —18 C L f 0.14 269 0.19 10.9 380 5 0.27
0.19 12.1 372
0.19 10.7 382

A4 (1) Stored 2 months at —18°C /e 0.16 339 0.19 9.8 426 =75 0.29
then sifted a first time 0.19 96 429
0.19 9.7 424

Ad (1) Stored Imonth at —18°C then L) 0.16 400 0.19 6.7 503 9 0.30
crushed to increase density. 0.19 6.6 500

A6 Prepared as for sample Ab U] 014 HO 0.19 7.6 509 11 0.28
0,19 6.7 513
0.19 6.4 505

Bl (1) Exposed to a large temperature A A 0.24 380 029 87 465 5.5 0.32
gradient for several days G289 9.1 458

B2 Prepared as for sample Bl AA 0.28 265 0.29 147 328 L5 044
029 14.4 338
0.31 139 341

B3 Prepared as for sample Bl N A 021 Unknown 0.26 122 365 2 043
0.26 12.8 347
0.26 119 363
027 127 345
027 12.8 349

B4 (2) Lightly wetted with a warming 00 0.35 480 0.39 7.3 478 3-35 0.46
system, 0.39 6.6 542
0.38 74 473

B5 As for B4 then sifted 00 0.30 515 0.32 5.0 584 6-6.5 0.38

B6 As for Bl then soaked 4daysin =~ OO Unknown  Unknown 0.56 7.0 3 2-25 0.62
water at 0°C 0.56 7.1 334
0.56 7.1 531

B7 (2) Crushed in order to obtain a O e 0.25 380 0.26 5.5 581 7.5 0.39
mixture of large and small 0.29 53 589
grains 0.30 58 561

(1) Recently deposited snow collected in the field.

Irreducible liquid-water content

In the following paragraphs, W,,, is the liquid-water content
expressed as per cent of mass, W, is the liquid-water content
expressed as per cent of pore volume, and W,;; and W, are
their respective irreducible values.

Figure 4 shows a curve for all experiments which il-
lustrates the linearity of Wy; with P/(1 — P) where P is
SNOW POrosity.

The equation of the regression is: Wy = 0.0057/
(1 — P) + 0.017 with a correlation coefficient of 0.98.

Theterm P/(1 — P)isequal tothe ratio ol pore volume to
ice volume. Itonly varies with the dry density ofsnow (ratio of
ice mass to total volume of snow) and not with grain-size,
When density was high P/(1 — P) ~ 0.9, irreducible L.w.c.
was observed to be about 7% of the mass both in small grains
(samples A5 and A6) and in the largest ones (samples B4 and
B6). Inthesame way, forlowerdensitysnow P/(1 — P) ~ 1.8
Lw.c. wasabout 12% of the mass forAl, A2 and B3. Forsample
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(2] Wet grains collected in the field in a wet state and then frozen for storage.

B7, the mean convex radius was not representative of grain-
size because thissample wasamixture oflarge and fine grains;
however l.w.c. measurements still fiton the curve.

Wp can be expressed in terms of W, and P, as:

W r di/dy
P/(I_P) (I_I’Vm)

where d; is ice density and d,, is water density. In our experi-
ments, when W, varies from 5 to 15% of the mass, Wi, var-
ies from 6.5 to 8.5% of pore volume (e.g. for P = 0.5, the
regression gives Wy, = 7.3%). This result agrees with pre-
vious experiments by Colbeck (1974) which suggest that the
irreducible water content of dense snow is Wy, = 7% of pore
volume.

Experimental conditions were restrictive from natural
conditions so that may limit the results in their application
to natural snowpacks. The samples studied were always pre-
pared as homogenecously as possible, using the same struc-
ture (grid/saturated layerjunsaturated wet snow), without
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Irreducible liquid-water content
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Fig. 4. Irreducible liquid-water content vs P /(1 — P) for all
experiments. 'Lhe symbol shape represents the grain shape
before wetting; the symbol size is related to the wet-grain size.

melt—freeze cycles. Moreover, the measurements were
always taken within the same time range after the begin-
ning of drainage. Since a large range of initial grain shapes
and densities was studied, snow texture was not taken into
account and was probably less variable than for wet snow
in a natural snowpack.

Thickness of the water-saturated layer in snow

In each experiment, a water-saturated layer appears at the
bottom of the sample. Its thickness varies {rom 1 to 11em.
The upper limit of this layer was neither sharp nor strdugh’t
(Fig. 2). In these layers, density was about 900-950 kg m
and L.w.c. is near 50% of the mass.

Figure 5 shows the thickness of the water-saturated layer
plotted vs the ratio of mean convex radius (m.c.r) to dry
density. Due to the limited thickness of some samples, it
was not possible to measure density systematically. In a first
approach, the dry density used was measured in the unsatu-

Saturated layer

0.12
. +  Samples Al - A6
A Samples Bl - B3
0.10 + O  Samples B4 - B6
. < Sample B7
_ 0.08 +
E
a 0
@ =4
% 0.06 i
= 0.04 +
o
0.02 1+ © a
o
0.00 t + t t t t

04 0.6 0.8 1.0 1.2 14 1.6 1.8
Mean convex radius (x10°) (m) / dry density(x10” ) (kg m™)

Fig. 5. Thickness of saturated layer vs the ratio of mean convex

radius to dAy en usy or each sample.
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rated layer but only when measurements were done less
than 6 hours after the beginning of drainage.

The m.c.r. was determined using the picture analysis
system mentioned previously, on grains taken from the satu-
rated layer.

Thickness of the saturated layer increased as the ratio
m.c.r. /dry density decreased. This thickness is related to the
height of capillary rise. Snow is a porous medium, at a first
approximation, and canbe considered as a group of capillary
tubes. Snow with large grains and low density will corres-
pond tolarge pores, whereas small grains at high density will
correspond to very fine pores where water can go up or stay
higher. Grain-size and density give information on pore size.
The next step will be to observe pore size directly by using
sectioning techniques and relate it to capillary rise.

CONCLUSION

Measurements on different types of snow were conducted in
a cold laboratory. We paid particular attention to investigat-
ing a large range of densities and grain-sizes. Experiments
on homogeneous wet snow samples show that the irreduci-
ble liquid-water content per unit mass in wet snow depends
only on the dry density of snow not on the grain-size. Irre-
ducible liquid-water content, expressed as per cent of mass,
varies linearly with the ratio of pore volume to ice volume.

These results may be incorporated into snow-cover
energy-balance models to improve retention and percola-
tion predictions.

Furthermore, measurements of the thickness ol the
water-saturated layer observed at the bottom of a wet snow
sample suggests that it varies inversely with the ratio of the
mean convex radius of grain curvature to dry density. This
ratio could be representative of pore size as observed in thin
sections. As this thickness is related to the height of capillary
rise, more experiments will be conducted in order to dis-
cover a relationship to pore size.
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