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EDITOR'S FOREWORD 

This is the third section of 11 Cold Regions Science and Engineering 
to appear. It summarizes existing knowledge on the properties of snow 
as a material: its properties as a cover will be found in Il-C 1, 11 Snow 
and Ice on the Earth's Surface" , now under preparation. 

Dr. Bader has written most of this section but Dr. Kuroiwa was 
available to write on the Electrical Properties of Snow as a Specialist 
in that subject . 

Sections of the work will appear as they become ready, not neces
sarily in numerical order, but fitting into this plan. 

I. Environment 

A. General 
B. Regional 

II. Physical Science 

A. Geophysics 

1. Micrometeorology 
2. Exploration Geophysics 

B. The Physics and Mechanics of Snow as a Material 

C. The Physics and Mechanics of Ice 

1 . 
2. 

Snow and ice on the earth's surface 
Ice as a material 

D. The 

1 . 

Physics and Mechanics of Frozen Ground 

Properties of frozen soils 
2. Permafrost 

III. Engineering 

A. Sno w engineering 
B. Ice engineering 
C. Frozen- ground engineering 
D. General engineering 

IV. Miscellaneous 

F. J. SANGER 

lSJune 1962 



SNOW AS A MATERIAL 

by 

Henn Bader 

Snow is a porous, permeable aggregate of ice grains. The gra1ns can be predomi
nantly single crystals or close groupings of several crystals. The pores are filled with 
air and water vapor. In wet snow the grains are coated with liquid water. 

The characteristic property of snow is its inherent thermodynamic in stability. 
Consequently most of the interesting physical parameters inevitably change with time. 
This process of change is called snow metamorphism. 

A. METAMORPHISM 

Snow metamorphism is a change of texture and structure, an evolution beginning 
with the deposition of snow and ending only when it has ceased to exist, either by ablation 
or by changing to relatively dense ice . 

A few salient conditions and properties of the material are responsible for meta
morphism . 

a) Temperature proximity to the melting point . Even in the coldest natural 
environment, the temperature is relatively close to the melting point. 

b) High vapor pressure. 

c) Crystallinity and an is otropis m. 

d) Low viscosity. 

e) Porosity. 

Consider a snow grain {ice crystal) in a small closed dry air space. The temperature 
is close to the melting point of ice {say within SOC). This means that we have a high 
state of thermal oscillation of the water molecules around their mean lattice position; 
the lattice is close to breakdown. The lattice force field, which constrains the water 
molecules from straying away from fixed lattice positions, weakens near the crystal 
surface, and the surface becomes covered with a quasi-liquid layer30 >!>within which 
individual molecules and groups of molecules can move around. One might say that the 
lattice becomes fuzzy close to the surface. The random thermal agitation of molecules 
at the ice surface often results in imparting to individual molecules velocities sufficiently 
high to kick them out of the surface layer into the surrounding air space, where they 
become a component of the gas phase. As the water vapor concentration in the air space 
increases, an increasing number of water molecules impinge back on to the ice surface, 
and those that hit with low velocity at !JOints where the thermal agitation happens to be 
low at the mon1ent of impingement are reincorporated into the boundary layer. A dy
namic equilibrium is established in a very short time, in '-"·hich the number of molecules 
leaving the ice surface to move into the gas space is equal to the number falling back 
into the surface layer . The concentration of \1\.ater vapor in the gas phase is given in 
terms of vapor pres sure, which is strongly temperature -dependent. 

F1gure 1 shows this dependence. It also shows that ice has a lower vapor pressure 
than supercooled water of the same temperature, which means that ice and water cannot 
co- exist in equilibrium at temperatures below the melting point. If, for instance, a 
piece of ice and a dish of supercooled water were placed side by side under a bell-jar at 
-SC, then the water would tend to evaporate until the vapor pressure in the air in the 
jar reached 3. 17 mm of mercury. But the air would then be supersaturated with respect 
to the piece of ice, which has a vapor pressure of only 3. 03 mm, and more vapor mole
cules would fall into the ice surface layer than would be ejected from it. A vapor pres
sure gradient would be established between the air over the water dish and the air over 
the piece of ice• and water vapor would move from the dish to the ice by diffusion. 

*See References 
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SNOW AS A MATERIAL 3 
Discussion of another aspect of this hypothetical experiment is pertinent to the under
standing of the principles governing snow metamorphism. It concerns the rate of 
transfer of water substance over the vapor phase. The highly dynamic nature of the 
equilibrium between water or ice surface and vapor in the surrounding air space signi
fies that a disturbance of this equilibrium by addition to or removal of water vapor from 
the air space will be quickly compensated by condensation or evaporation at the surface . 
ExperimentsZ indicate that a dry air layer about ~ mm thick over ice is saturated to 80o/o 
in i sec by evaporation from the ice surface. One might then suppose that, if a flat 
piece of ice were suspended ~ mm over the surface of the dish of supercooled water, the 
rate of growth of ice at the expense of water would be very rapid . It would actually begin 
at a very rapid rate, but immediately the water surface would begin to cool down because 
of the loss of latent heat of evaporation ( 600 cal/ g) and the ice surface would warm up 
because of a gain in heat of condensation (sublimation, 680 cal/ g). This would lower the 
difference in vapor pressure between the two surfaces and proportionally slow down the 
rate of vapor transfer . The rate of heat flow from the interior of the water towards the 
water surface and from the ice surface towards the interior of the ice block would then 
become the dominant factor in controlling the rate of vapor transfer. 

In summary, one important fact is that mass transfer over the vapor phase is ac
companied by energy transfer. If two ice grains of diffe!""ent temperature are brought 
close together, the cold one, having a lower vapor pressure, will grow at the expense 
of the warmer one by vapor transfer, until the temperature difference is wiped out by 
the corresponding heat transfer. Now consider a rod of ice in which a constant tem
perature difference is maintained between both ends. There are four heat transfer mecha
nlsms, two of which involve mass transfer. 

a) Heat flows m the rod by conduction. 

b) Heat flows m the surrounding air by conduction ± convection. 

c) Evaporation at the warm end and condensation at the cold end transfer heat 
and mass via the vapor phase. The heat transfer is equal to the latent heat of subli 
mation of the transported mass. 

d) Water molecules will creep along the quasi -liquid surface layer from the 
warm end of the rod, where thermal agitation is strong, towards the cold end, where it 
is weaker . The mass removed from the surface layer at the warm end must be re
placed by quasi-liquefaction of the underlying crystalline ice; thus the emerging trans 
fer accompanying surface molecular creep has the latent heat of fusion as a maximum 
value, but is perhaps smaller, because the layer is not quite liquid. 

The quoted values of v apor pressure are those for equilibrium over flat surfaces. 
Convex surfaces have higher, and concave surfaces lower, vapor pressure than flat ones. 
The magnitude of the curvature effect, as calculated from theory for liquids appears to 
be negligibly small for curvatures larger than about 1 0 1..1.. Observation, however, 
indicates that it is important in snow when the grain curvature is as large as a few 
hundred microns. Figure 2 is a series of photographs of a snow crystal placed on a 
micros cope slide, surrounded by a vaseline ring, and covered with a thin cover glass, 
which did not touch the crystal. z The slide was stored at temperatures always below 
-2 . SC . Attention is drawn to the following interesting features of Figure 2 . 

a) The frozen cloud elements {diameter approximately 301..1.) picked up by the 
falling snow crystal vanish very quickly. They do so partly by evaporating because they 
have a higher vapor pressure corresponding to their small radius of curvature, and 
partly by flowing into the quasi -liquid surface layer. 

b) The sharp points of the branches become blunt . There is a general 
tendency for material to evaporate or creep away from positions where curvature radii 
are small: hence the branches separate from the main body of the crystal where they 
are thin, and then become rounded. The larger spheres then grow at the expense of 
the smaller ones, exclusively by vapor transfer, since there is no contact. 

Proof that surface creep is significant was obtained by simila_r experi_ments9 where 
vapor transfer was sup_Pressed by imme~sin~ the snow crystals m kerosme. Metamor
phistn was then a few t1mes slower than m a1r. 
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Figure 3, also of a crystal in a 
small air space, shows symmetrical 
behavior, greatly aided by the fact that 
only the raised center (white spot) was 
in contact with the glass slide . As a 
model of metamorphism, it reveals 
three interesting features . One is that 
the rate of change is highly temperature
dependent; there was very little change 
during 7 days at -11 . 5C (Fig . 4). 
Another is that the rate of change de 
creases with time . The third is that at 
temperatures very close to the melting 
point, surface tension in the quasi - liquid 
surface layer can overcome the tendency 
of the lattice to form crystallographic 
elements (planes, edges and vertices). 
The 45-day picture is of a flat hexagonal 
prism with rounded edges, which in 9 
days at -2. 5C changes to a cylinder . 

050~----- L ----~ 
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J._ 
30 
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40 

This would not have happened if the temp
erature had been a few degrees lower, or 
if the crystal had been much larger. 
Furthermore, if the temperature had been 
much lower, the edges of the prism would 
have become sharper . It is most probable 

Figure 4. 

OAYS 

Graph of diameter of crystal 
of Figure 3. 

that, given enough time at a temperature 
sufficiently low to suppress surface tension effects, any ice crystal will assume the equi
librium shape of a hexagonal prism of approximately equal width and height. Old snow 
grains tend to become equidimensional and to develop crystallographic faces if they are 
large or if the temperature is low. 
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As already stated, the surface of an ice crystal surrounded by air is covered by a 
very thin quasi - liquid layer in which the water molecules can move fairly freely, in 
contrast to conditions in the interior of the crystal, where they occupy distinct lattice 
positions . When two crystals are brought into contact, the thin surface layers merge 
and molecul ar mobility diminishes as the cons training force - fields of the lattices act 
ing from both sides gain the upper hand . The quasi-liquid layer does not completely 
vanish unless the lattices of the two crystals fit together perfectly (i. e ., the c rys tallo
graphic axes happen to be strictly parallel} . An amorphous interface (grain boundary) 
remains, which is normally plane and visible as a thin line in section . The formation 
of this relatively stable intergrain boundary can occur within minutes under optimum 
conditions. It is favored by pressure and high temperatures and retarded by low tem 
perature which slows molecular diffusion . 

The inter grain boundary bonds the two crystals. The strength of the bond is not 
sensibly different from that of the crystal i tself ; and there is no detectable difference 
between bond formed with or without melting and no reas on for assuming that they should 
be different. The dry bond, however, forms more slowly than the wet one . When a 
piece of snow is broken or crushed, failure occurs predominantly at the grain bonds, 
which are weak sections only because they are small. The larger the individual and total 
grain contact areas, the stronger the 's now .I The original contact area {bond) between 
two convex grain surfaces is very small. It probably very soon attains its maximum 
strength per unit area, so that increasing strength with time (age-hardening of snow) is 
due to increasing size of the contact area. It is interesting to note that increase in con
tact area between two grains is not accompanied by significant reduction of the distance 
between grain centers . 21 Thermodynamic processes in snow do not of themselves 
affect the snow volume . They can, however, change the density by adding to, or sub
tracting from, the mass in a given volume. 

Gravitation causes primary vertical body forces in the snow mass which are 
transmitted in all directions from grain to grain in the structure. 

There are two main effects of these forces: 

a) Densification by viscous shear deformation along the grain boundaries and 
grain deformation, which produce denser packing, normally without loss of cohesion. 
Sudden structural collapse by breaking of bonds occurs when the crushing strength of a 
snow layer is reached by the weight of overlying snow accumulation. This often happens 
in "depth hoar, 11 a coarse-grained, poorly bonded, highly viscous type of snow, and is a 
major cause of avalanching. Other types of snow have sufficiently low viscosity to react 
to slowly increasing load by densification accompanied by sufficient increase in crushing 
strength to prevent structural collapse. Densification by plastic mechanical deformation 
of the single crystal g rains is most probably insignificant, except in the case of the dense 
snow occurring at depths of tens of meters in glaciers. 

b) The Riecke effect. This may be an important metamorphism-accelerating 
factor, but is not known to be so. When a crystal in equilibrium with its liquid or vapor 
phase is stressed, solubility or vapor pressure differences are produced. More highly 
stressed parts of the snow crystal surface will melt if wet, or evaporate if dry, and less 
stressed parts will grow. A spherical grain squeezed between two others will thus tend 
to flatten more or less eliptically. The result is similar to that produced by plastic de
formation of the grains, but is perhaps ach1eved at lower stresses. 

We can distinguish four fairly distinct kinds Qf snow metamorphism: IZ 

1) Destructive metamorphism of dry snow. A few days after deposition of 
the original snow, crystal shape is almost completely lost. Often its only indication is 
that larger flat snow stars have changed into somewhat flat grains. The end product of 
destructive metamorphism usually consists of a fine - grained snow of density between 
0. 15 and 0. 25 g/cm3 • This is the skier's powder snow. Grains are rounded and weakly 
bonded. Each grain is a single crystal with only one or two small crystallographic 
faces . Very few grains are smaller than 0. 2 mm , the predominating size being from 
0. 5 to 1 mm, sometimes somewhat larger . 

Further metamorphism of this snow depends, if it stays dry, above all on whether or 
not it is plastica11y densified by t h e load of later snowfalls. If the Sn()w is densified to 
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Figure 5. Depth hoar crystals 100 days old 
Density 0. 2 6 g / cm3 . Magnification 3x. 

1,~ -1.2 11\lll 1 ,2 -0,~ llllll 

0,6-0,5 rnm 0,5 - 0,3 rnm 

Figure 6. Wet spring snow, large 
composite grams. Magnification 4x. 

Q,S 0.6 mm 

0,3 - 0,2 mm 
5X 

Figure 7. Screened fractions of granular snow. 
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as much as 0. 3 g / crn3 , further increase in grain size becomes very slow. But the area 
of grain contact increases and the snow hardens . Only on high polar glaciers, where 
such snow never melts, do we, in the course of one or two years, observe significant 
further grain growth and more generous development of crystallographic elements, often 
accompanied by s orne reduction in strength. This is slow constructive metamorphism . 

2) Constructive metamorphism of dry snow consists in growth of grains to 
significantly more than 1 rnrn, with development of crystallographic elements {faces, 
edges, and vertices). It is slow if the density is high. If the density is below about 
0. 3 g / crn3 , it can bee orne very rapid when vapor transfer is accelerated by convective 
air flow in the large pore volume, owing to a strong positive temperature gradient 
{colder at the top than at the bottom). The end product of constructive metamorphism 
is a very distinctive snow type known as "depth hoar,'' or 11 Schwimmschnee" from the 
German. Here grain size is between 2 and 8 rnm, and single crystals as large as 
15 mm are observed. They often show excellent crystallographic development {Fig . 5 ), 
large faces and sharp edges and vertices~ 12 A variety of shapes can be observed, 
such as short prismatic or tabular solid crystals, and hollow hexagonal or rectangular 
cups. Bonding of grains in depth hoar is very poor; it has a high viscosity and low 
strength, and can be collapsed by shock or surcharge, to the increase of which it cannot 
react by rapid viscous densification. Depb hoar is a troublesome snow type; it is a 
major cause of avalanching, is a great hindrance to oversnow traffic, and is most dif
ficult to compact to hard roads and runways. The lightest depth hoar has a density of 
little less than 0 . 2 g/cm3, and the heaviest little more than 0. 3. 

3) Melt metamorphism characterizes the changes produced in snow by the 
presence of liquid water. When snow becomes moist, temperature gradients and their 
effects vanish. But the rate of densification of low-density snow increases because of 
the constrictive effect of the high surface tension of the water film covering all the 
grains. All crystallographic elements quickly vanish. Crystals become rounded and, 
for an unknown reason, some intercrystalline bonds grow very rapidly while others 
dissolve. Clusters of several grains, which form small denser regions in the snow 
structure, coalesce to larger polycrystalline grains {see Fig. 6) but bonding between 
grains is very weak . As meltwater percolates through the snow, crystals normally 
grow to a maximum size of about 3 mm and composite grains to about 15 mm. Within 
a few days this metamorphism produces the well-known "rotten" snow of the thaw 
season . 

In the accumulation areas of g laciers, melt metamorphism produces c oarse-grained 
n~ve , which c a n acquire any density up to that of ice by slow plastic densification and 
a nnual addition of ice mass by freezing of percolating melt water . 

When wet snow freezes, it acquires high strength because bond size is increased by 
the freezing of water preferentially retained at the re-entrant surfaces at the bonds. It 
again loses strength on becoming wet because bonds decrease in size by preferential 
melting perhaps mainly due to concentration of temperature-depressing soluble impuri
ties there. Percolating meltwater is not equally distributed in all layers of a snowpack. 
Some retain very little, while others absorb water almost to saturation and convert to 
dense ice layers or lenses on refreezing. 

4) Pressure metamorphism. This is a new term, introduced here to charac-
terize the densification of dry n~ve on high polar glaciers. It can take nev~ many decades 
to change from snow of density around 0.45 to ice of density 0 . 83 g/cm3 {this is the 
density at which the air permeability decreases to zero, and snow changes to ice by 
definition) . Thermodynamic processes, such as grain and grain-bond growth by vapor 
or surface migration, appear to be of secondary importance during this period of very 
slow change, the situation being dominated by processes of mechanical deformation under 
pressure . Hard surface crusts are formed in several ways. 

a) Refreezing of surface layers wetted by thaw, rainfall or wet fog fall-out. 

b) Surface condensation from moist air. 

c) Packed deposition of windborne drift snow. 
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d) Condensation of vapor moving up from below the surface, by diffusion or 
convection; crusts between snow layers are perhaps also formed by vapor migration. 

Crusts are important diagnostic features in the snow pack, especially as an aid m 
counting annual layers. There are still unexplained crust formations in dry snow. 

B. STRUCTURE 

Any snow which has gone through the stage of destructive metamorphism is granular 
{Fig. 7) and can have any density above about 0. 15 g / cm3. If such snow is dis aggregated 
and heaped when cold, it will show a porosity of about 0. 45 (density 0. 5 g/ cm3) similar 
to that of a heap of dry sand. This demonstratee that, except possibly in the vicinity of 
density 0. 5, the structure of snow as a granular aggregate is not akin to that of a lightly 
sintered granular heap . Low-density dry snow {less than 0. 5), which includes all season
al snow, has a very irregular structure, perhaps best described as composed of randomly 
oriented intersecting chains of grains. This type of structure can be derived from one 
consisting of packed granules, by conceptually removing some · of the grains, leaving an 
irregular lattice. In such a structure a significant number of the grains have a high 
degree of mobility affecting only a small volume. In other words, there are relatively 
large pore spaces into which grains can move when the structure is deformed. This 
property of the structure of low-density snow is important to an understanding of its 
mechanics. It could be deformed' by shearing of grain contact areas, without deformation 
of individual grains. As the density increases, the average number of grains in contact 
with each grain increases, and the degree of mobility decreases . At a density of around 
0. 5 g/ cm3 the condition of close packing is approached, and further densification is not 
possible without deformation of grams. 

The thin section (Fig . 8a) is of dry 1 0-yr-old neve from 8 m depth in the interior of 
the Greenland ice sheet . l 3 The grain sections are white, the lines are grain boundaries 
and the black areas pore space . Density is 0 . 50 g/ cm3 (porosity 45. 4o/o), mean grain 
cross -sectional area 0. 5 mm2, ratio of total length of grain boundaries to total grain 
perimeter is 0. 3 5 . There are 120 grains per cm2. Figure 8b is of a thin section of 
dry neve, 70 years old. The density is 0. 73 g/ cm3 {porosity 20 . 4o/o), close to that of 
ice. Mean grain cross-sectional area is l. 0 mm2, and grain-boundary to grain-perim
eter ratio is 0 . 63 . There a r e 80 grains per cm2. 

Assuming that the two snows were originally the same, it took 60 years at -24. SC 
with pressure increasing linearly from 0. 3 to 2 . 8 kg/ cm2 at the rate of 0. 04 kg/ cmLyr 
to halve the porosity and double the mean grain cross- sectional area. Figure 9 gives 
the relation between density and the mean number of grain contacts per grain {in thin 
sec tion)13. It appears to show a dis continuity at density 0. 5 g/ cm3 • Single thin sections 
of snow of density lower than 0. 3 g/ cm3 show mainly isolated grain sections and, except 
for studies of grain crystal axis orientation, yield almost no information on the struc
ture. A large number of very closely spaced parallel sections must be made, and the 
structure model cannot be well presented in print. 1 0 

Descri.ption and statistical treatment of pertinent parameters of snow structure are 
not yet sufficiently well developed to permit good translations of data from two-dimen
sional thin sections to the three-dimensional s tructure12 . This inherently difficult 
problem is complicated by the fact that the snow structure is very often anisotropic. 
Structure anisotropis·m is of two types . The first is geometric, for instance parallelism 
of flattened grains, and has hardly been studied. The second refers to orientation 
patterns of the crystallographic c -axis of the grains, determinable by optical means . 
We can sometimes find a primary vertical preferred orientation due to preferred sedi
mentation of plate or star snow crystals in horizontal position . The same preference 
develops during destructive and constructive metamorphism, where c-axis position 
parallel to the maximum temperature gradient appears to be advantageous to grain 
growth. In dry snow, pressure metamorphism favors the development of grains with 
vertical c -axes, but it is not known whether grains tend to rotate to this position or 
whether those with vertical axes grow at the expense of differently oriented ones. 

-



10 SNOW AS A MATERIAL 

Figure 8a. Thin section of 10-yr-old neve. 
Density 0 . 5 g I cm3 . Pore area is black. 
Magnification 3. 8x. (From Fuchs, ref. 13 ) . 

Figure 8b . Thin section of 70-yr-old neve. 
Density 0. 73 g/cm3 . Magnification 3. 8x. 

(From Fuchs, ref. 13) 

Shearing deformation produces strong orientation to parallelism of basal planes (normal 
to c-axis) with the shear plane, while tension leads to a structure with grain basal 
planes predominantly parallel to the direction of tensile stress. 2 

A thorough basic study of snow metamorphism and snow mechanics in relation to snow 
structure is yet to be done. 

C. TEXTURE 

Snow crystal shape has already been discussed under metamorphism. In relatively 
new dry snow, up to several months old, the grain is predominantly a single crystal, 
but in older dry snow there is a tendency towards formation of grains consisting of 
several crystals. The process is apparently a dry " fusion " of several close neighbors 
to a more or less irregularly shaped, internally strongly bonded unit, which then be 
comes the new grain of the snow structure. In the course of decades, as this snow is 
compressed to ice on high polar glaciers, one of the crystals of the' grain slowly grows 
at the expense of the others, until we again have a single crystal grain. For determin
ation of gra1n size distribution, weakly bonded granular snow can be mechanically 
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Figure 9. Porosity and density vs mean 
number of adjacent grains per gram. 

{From Fuchs, ref. 13) 
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Figure l 0. Cumulative mass graph of 
grain size distribution in alpine snows . 

{From DeQuervain, ref. 11) 

dis aggregated, and screened 2 or elutriated 11. 

The majority of size analyses show an approxi
mately linear graph of cumulative mass versus 
grain diameter, with the curved ends often 
seen in graphs of soil analyses. The average 
diameter lies close to the SO % cumulative 
mass value, the mass of grains smaller 
than 0. 2 mm is very small, and the maxi
mum size is close to twice the average size. 
The linear portion of the cumulative distri
bution curve reaches from about i average 
diameter {based on mass, not on number of 
grains) to l ~ average diameter and covers 
80o/o t o 90% of the total mass. Figure 10 
shows a number of distribution curves for 
Alpine snows as follows: 

Curve Age {days ) Density {g/ cml) 

. 214 1 a, l b 
2a, 2b 

3 
4a, 4b 
Sa, Sb 
6a, 6b 

6 
15 
42 
96 

118 
175 

. 292 

. 323 

. 285 

. 35 7 

. 228 

There are many ways of determining and defining grain size and grain size distribution, 
and in quan titative work on snow, a generally accepted convention has not yet been 
established. When snow is screened into fractions, we will define the mean grain diam
eter d of a fr ac tion in terms of the length of the side of the square mesh opening. If the 
fraction passes through squares of side length M and is retained on squares of side m, 
then: 

d = .J Mm • 

If W is the weight of a fraction, and the mixture is separated into n fractions of mean 
grain diameters di, then the mean diameter ds of the mixture 1s: 
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If grains are counted and measured under the microscope , 19 a rather complicated 
computation has to be made to obtain ds as determined by screening, because the grains 
are not spherical. If measurements are made on thin sections of snow, determination 
of ds becomes still more difficult. This subject requires research, because well bonded 
snow cannot be disaggregated for screening without excessive breaking of grains. Defi
nition of grain shape, pertinent to the definition of grain size, is another aspect of snow 
texture which requires attention. 

D. INDEX PROPERTIES 34 

Identification of snow type for 
a great deal of systematic work, 
eters on many different snows, 
index properties are con side red: 

any given purpose is not a well developed subject, and 
consisting of determination of a large number of param
would have to be done to make it so. The following 

1) Density (specific gravity) is mass per unit volume, usually expressed in 
g/cm3, but engineers sometimes prefer lb/ft3 (1 g/cm3 = 62.4 lb/ft3). Density is 
measured by weighing a known volume, or melting a known volume of snow and measuring 
the volume of melt water . By careful use of the standard SIPRE 500 cm3 snow tube 
(stainless steel 58 / 60 mm, 198 mm long) density is easily measured to three significant 
figures. For the purpose of correlation with other properties, two significant figures 
are often insufficient. Density is by far the most significant index property of snow. 

absolute 

2) Porosity and void ratio. 

Porosity is the ratio of volume of voids to snow volume. 
porosity n, and is calculated from the snow density y and the 

Y· -y 
l 

n- ---
Y· 1 

- 0. 917 -y 
0. 917 

= 1 - 1. 090y. 

This is the 
ice density y.: 

1 

Table I g1ves values of the absolute porosity n (in percent) for densities between 0. 03 0 
and 0. 917 g/cm3 . The relative porosity refers to the volume of the communicating 
pores, and is almost equal to absolute porosity for low- or medium-density snow. 
Only in very high-density snow, above 0. 7 g/cm3, does the volume of the isolated pores 
become significant. No measurements of relative porosity of high-density snow have 
yet been made. 

The void ratio, e, is the ratio of the v o lume of voids to the volume of the 
s olid substance. 

Y· -y 
l e- --

y 
n 

- --1-n · 

3) Hardness is the resistance to penetration by a rigid object. The most 
commonly used instrument is the drop-hammer actuated Swiss Rammsonde, a tube with 
a conical tip . 2 The penetrating cone has a 60-deg angle and a base diameter of 40 mm. 
The ram hardness number is expressed in kilograms, and runs up to a few thousand 
for very hard snow of density 0. 5 g / cm3 . The Canadian hardness gage, a hand-pushed 
spring-loaded circular plate, has been much used in softer snows to measure the 
crushing strength in situ. The Canadian hardness number is expressed in kg/cm2. Both 
these instruments penetrate at rates sufficiently- high to eliminate effects of plastic 
deformation. The slow C BR Test (California Bearing Ratio), developed for soils, is 
used only in very hard snow. 

4) Grain size is determined by visual inspection (with hand lens) of grains 
spread out on a plate having a l mm grid, by measurements under the microscope, or 
by screening or elutriation. Grain size is usually given in mm, but often only qualitative 
statements are made, such as reference to fine - , medium-, coarse-, or very coarse-

grained snow. This refers to the predominating grain diameter, and here the class ifi
cation of Schaefer, Klein and De Quervain 32 is gaining popularity. 
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Predominating grain 
diameter (mm) 

< 0. 5 
0. 5 to 1. 0 
1. 0 to 2. 0 
2 . 0 to 4 . 0 

> 4 . 0 

Designation 

very fine grained 
fine grained 
medium grained 
coarse grained 
very coarse grained 

(vfg) 
(fg} 
(mg) 
( cg) 
(vcg} 
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5) Grain shape is observed mainly for distinguishing between different types 
of new snow, for identification of depth hoar, and for deciding that a given dry snow has 
or has not been previously wet . 

6) Permeability is given in terms of the inverse of the resistance to the 
passage of air through snow. It is a most useful parameter for definition of snow type, 
but has not been used much for lack of a field instrument. Permeability is discussed in 
a separate section. 

7} Ultimate strength. Tensile, shear and crushing strengths must be measured 
at high rates of loading to eliminate the effects of plastic yielding (testing time of the 
order of 10 sec). For practical purposes, tensile strength is equal to cohesion (shear 
strength at zero normal pressure). Relatively simple instruments have been built for 
field use, but the necessity of many tests to compensate for wide scatter (standard 
deviations of 30% are common} has limited their use. 

8) Temperature. This is not usually considered to be an index property in 
classification of materials. In snow, however, the value of many parameters is so 
highly temperature -dependent, that the latter must be included . Its maximum value is 
OC ; reported positive values are erroneous. 

9) Newtonian viscosity. 

1 0 ) Liquid water content. 

11) Elastic parameters. 

12) StrtJ.ctural parameters. 

13) Thermal conductivity. 

14) Dielectric properties. 

Items 9-14 are only mentioned here because they have been too difficult to 
measure with useful accuracy in the field. 

Good reports of snow investigations in the field should include at least 
determination of density, hardness, grain size, grain shape (or descriptive terms 
implying grain shape, such as ' 'granular" or " depth hoar") and temperature. 

E. PERMEABILITY 

The permeability of snow2, 4 , 16 is an important property; its value covers a wide 
range and is very sensitive to changes in density, texture, or structure. It is measured 
as permeability to flow of ai r , ~nd coefficient K of air permeability is defined as 
follows: 

where 

K - QL 
A aP 

-
1 

v 
em/sec 

Q = volume rate of air flow ( cm3 / sec) 

A 

L 

a P 
v 

1 

-
--

-
--

cross section of snow sample (cm2) normal to direction of air flow. 

length of sample in direction of air flow (em} 

air pressure head (em, in terms of height of water column) 

a1r velocity cm / se.c (calculated over cross section A} 

a1r pressure gradient (em water I em length of sample) 
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0 1 

030 96.7 96.6 
040 95.6 95.5 
050 94.5 94.4 
060 93.5 93.3 
070 92.4 92.3 
080 91.3 91.2 
090 90.2 90.1 
100 89.1 89.0 
110 88.0 87.9 
120 86.9 86.8 
130 85.8 85.7 
140 84.7 84.6 
150 83.6 83.5 
160 82.6 82.4 
170 81.5 81.4 
180 80.4 80.3 
190 79.3 79.2 

200 78.2 78.1 
210 77.1 77.0 
220 76.0 75.9 
230 74.9 74.8 
240 73.8 73.7 
250 72.7 72.6 
260 71.6 71.5 
270 70.6 70.4 
280· 69.5 69.4 
290 68.4 68.3 
300 67.3 67.2 
310 66.2 66.1 
320 65.1 65.0 
330 64.0 63.9 
340 62.9 62.8 
350 61.8 61.7 
360 60.7 60.6 
370 59.7 59.5 
380 58.6 58.5 
390 57.5 57.4 

400 56.4 56.3 
410 55.3 55.2 
420 54.2 54.1 
430 53.1 53.0 
440 52.0 51.9 
450 50.9 50.8 

SNOW AS A MATERIAL 

Table I 

SNOW CONVERSION TABLE 

DENSITY TO ABSOLUTE POROSITY IN PERCENT 

Porosity = 1 - 1.09 density 

2 3 4 5 6 

96. 5 96.4 96.3 96.2 96.1 
95.4 95.3 95.2 95.1 95.0 
94 .3 94.2 94.1 94.0 93.9 
93.2 93.1 93.0 92.9 92.8 
92 .1 92.0 91.9 91.8 91.7 
91.1 90.9 90.8 90.7 90.6 
90.0 89.9 89.7 89.6 89.5 
88.9 88.8 88.7 88.5 88.4 
87.8 87.7 87.6 87.5 87.3 
86.7 86.6 86.5 86.4 86.3 
85.6 85.5 85.4 85.3 85.2 
84.5 84.4 84.3 84.2 84.1 
83.4 83.3 83.2 83.1 83.0 
82.3 82.2 82.1 82.0 81.9 
81.2 81.1 81.0 80.9 80.8 
80.2 80.0 79.9 79.8 79.7 
79.1 79.0 78.8 78.7 78.6 

78.0 77.9 77.8 77.6 77.5 
76.9 76.8 76.7 76.6 76.4 
75.8 75.7 75.6 75.5 75.4 
74.7 74.6 74.5 74.4 74.3 
73.6 73.5 73.4 73.3 73.2 
72.5 72.4 72.3 72.2 72.1 
71.4 71.3 71.2 71.1 71.0 
70.3 70.2 70.1 70.0 69.9 
69.2 69.1 69.0 68.9 68.8 
68.2 68.0 67.9 67.8 67.7 
67.1 67.0 66.8 66.7 66.6 
66.0 65.9 65.8 65.6 65.5 
64.9 64.8 64.7 64.6 64.4 
63.8 63.7 63.6 63.5 63.4 
62.7 62.6 62.5 62.4 62.3 
61.6 61.5 61.4 61.3 61.2 
60.5 60.4 60.3 60.2 60.1 
59.4 59.3 59.2 59.1 59.0 
58.3 58.2 58.1 58.0 57.9 
57.3 57.1 57.0 56.9 56.8 

56.2 56.1 55.9 55.8 55.7 
55.1 55.0 54.9 54.7 54.6 
54.0 53.9 53.8 53.7 53.5 
52.9 52.8 52.7 52.6 52.5 
51.8 51.7 51.6 51.5 51.4 
50.7 50.6 50.5 50.4 50.3 

7 8 9 

96 .0 95.9 95.7 
94.9 94.8 94.7 
93.8 93.7 93.6 
92.7 92.6 92.5 
91.6 91.5 91.4 
90.5 90.4 90.3 
89.4 89.3 89.2 
88.3 88.2 88.1 
87.2 87.1 87.0 
86.1 86.0 85.9 
85.1 84.9 84.8 
84.0 83.9 83.8 
82.9 82.8 82.7 
81.8 81.7 81.6 
80.7 80.6 80.5 
79.6 79.5 79.4 
78.5 78.4 78.3 

77.4 77.3 77.2 
76.3 76.2 76.1 
75.2 75.1 75.0 
74.2 74.0 73.9 
73.1 73.0 72.8 
72.0 71.9 71.8 
70.9 70.8 70.7 
69.8 69.7 69.6 
68.7 68.6 68.5 
67.6 67.5 67.4 
66.5 66.4 66.3 
65.4 65.3 65.2 
64.3 64.2 64.1 
63.2 63.1 63.0 
62.2 62.0 et.9 
61.1 61.0 60.8 
60.0 59.9 59.8 
58.9 58.8 58.7 
57.8 57.7 57.6 
56.7 56.6 56.5 

55.6 55.5 55.4 
54.5 54.4 54.3 
53.4 53.3 53.2 
52.3 52.2 52.1 
51.3 51.1 51.0 
50 .2 50.1 49.9 
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SNOW CONVERSION TABLE 

0 1 2 3 4 5 6 7 8 9 

460 49.8 49.7 49.6 49.5 49.4 49.3 49.2 49.1 49.0 48.9 
470 48.7 48.6 48.5 48.4 48.3 48.2 48.1 48.0 47.9 47.8 
480 47.7 47.5 47.4 47.3 47.2 47.1 47.0 46.9 46.8 46.7 
490 46.6 46.5 46.3 46.2 46.1 46.0 45.9 45.8 -45.7 45.6 
500 45.5 45.4 45.3 45.1 45.0 44.9 44.8 44.7 44.6 44.5 
510 44.4 44.3 44.2 44.1 43.9 43.8 43.7 43.6 43.5 43.4 
520 43.3 43.2 43.1 43.0 42.9 42.7 42.6 42.5 42.4 42.3 
530 42.2 42.1 42.0 41.9 41.8 41.7 41.5 41.4 41.3 41.2 
540 41.1 41.0 40.9 40.8 40.7 40.6 40.5 40.3 40.2 40.1 
550 40.0 39.9 39.8 39.7 39.6 39.5 39.4 39.3 39.1 39.0 
560 38.9 38.8 38.7 38.6 38.5 38.4 38.3 38.2 38.1 37.9 
570 37.8 37.7 37.6 37.5 37.4 37.3 37.2 37.1 37.0 36.9 
580 36.7 36.6 36.5 36.4 36.3 36.2 36.1 36.0 35.9 35.8 
590 35.7 35.6 35.4 35.3 35.2 35.1 35.0 34.9 34.8 34.7 

600 34.6 34.5 34.4 34.2 34.1 34.0 33.9 33.8 33.7 33.6 
610 33.5 33.4 33.3 33.2 33.0 32.9 32.8 32.7 32.6 32.5 
620 32.4 32.3 32.2 32.1 32.0 31.8 31.7 31.6 31.5 31.4 
630 31.3 31.2 31.1 31.0 30.9 30.8 30.6 30.5 30.4 30.3 
640 30.2 30.1 30.0 29.9 29.8 29.7 29.6 29.5 29.4 29.3 
650 29.1 29.0 28.9 28.8 28.7 28.6 28.5 28.4 28.3 28.1 
660 28.0 27.9 27.8 27.7 27.6 27.5 27.4 27.3 27.2 27.1 
670 27.0 26.8 26.7 26.6 26.5 26.4 26.3 26.2 26.1 26.0 
680 25.8 25.7 25.6 25.5 25.4 25.3 25.2 25.1 25.0 24.9 
690 24.8 24.7 24.6 24.4 24.3 24.2 24.1 24.0 23.9 23.8 
700 23.7 23.6 23.5 23.3 23.2 23.1 23.0 22.9 22.8 22.7 
710 22.6 22.5 22.4 22.3 22.2 22.0 21.9 21.8 21.7 21.6 
720 21.5 21.4 21.3 21.2 21.0 20.9 20.8 20.7 20.6 20.5 
730 20.4 20.3 20.2 20.1 20.0 19.9 19.8 19.7 19.5 19. 4 
740 19.3 19.2 19.1 19.0 18.9 18.8 18.7 18.6 18.5 18.3 
750 18.2 18.1 18.0 17.9 17.8 17.7 17.6 17.5 17.4 17.3 
760 17.1 17.0 16.9 16.8 16.7 16.6 16.5 16.4 16.3 16.2 
770 16.0 15.9 15.8 15.7 15.6 15.5 15.4 15.3 15.2 15.1 
780 14.9 14.8 14.7 14.6 14.5 14.4 14.3 14 .2 14.1 14.0 
790 13.9 13.8 13.6 13.5 13.4 13.3 13.2 13.1 13.0 12.9 

800 12.8 12.7 12.6 12.4 12.3 12.2 12.1 12.0 11.9 11.8 
810 11.7 11.6 11.5 11.4 11.2 11.1 11.0 10.9 10.8 10.7 
820 10.6 10.5 10.4 10.3 10.2 10.0 9.9 9.8 9.7 9.6 
830 9.5 9.4 9.3 9.2 9.1 8.9 8.8 8.7 8.6 8.5 
840 8.4 8.3 8.2 8.1 8.0 7.8 7.7 7.6 7.5 7.4 
850 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.5 6.4 6.3 
860 6.2 6.1 6.0 5.9 5.8 5.7 5.6 5.5 5.3 5.2 
870 5.1 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.1 
880 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 
890 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.1 2.0 
900 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 
910 0.8 0.7 0.5 0.4 0.3 0.2 0.1 0.0 
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Permeability is measured at some temperature below freezing and can be reduced 
to the standard temperature of OC by a small correction resulting from variation of air 
viscosity with temperature. Air viscosity drops with temperature, so that the measured 
permeability is higher, the lower the temperature. The correction is very close to 1 o/o 
per 3C. No barometric correction is necessary. 

For K to be constant, Q/ AP must be constant, i.e. measurement must be made 
within the laminar flow range. Experimen ts show that the upper limit is v = 5 em/ sec 
for fine-grained snow and v = 1 em/sec for coarse-grained snow. 

Very coarse-grained depth hoar with K ~ 1500 requires measurement under a pressure 
gradient (i) not exceeding 0. 0005. A P for a sample 20 em long is then 0. 1 mm d water 
so that measurement to 0. 01 mm is necessary for a 1 Oo/o accuracy in K; but for most 
snows the accuracy then is close to 1 o/o. A good snow permeameter measures ,) to better 
than 1 o/o, and AP to 0. 01 mm of water pressure. It is convenient to use S.IPRE-standard 
snow tubes with a cross section of 24. 6 cmZ. which is large enough to render edge effects 
negligible if there is no gap between snow and cylinder wall. 

Ko is the air permeability of snow at its natural porosity n 0 . It is an empirical fact, 
not yet theoretically understood, that if a snow sample in a tube is crushed (densified) 
i n increments with successive measurements of n and the corresponding K the following 
rel ation holds: -

K = anN where a and N are constants. 
N-n 

The p;).::-a.meter5 a and N are easily determined graphically by plotting K /n against K, 
and drawing a line throughthe points. which are usually surprisingly well lined up. a-is 
then the intercept on the K / n ax1s, and N is the reciprocal of the slope. 

Table II. Permeability of a new snow upon compaction in increments . 
New snow from Wilmette, Illinois, sampled 16 hrs after falling. Sam-

ple tube length 18. 9 em, cross section 24 . 6 cmZ. 

Length of 
sample (em) y n i X l 03 K K /n 

Natural condition 18. 9 0. 094 0. 897 4.475 261 291 
1st compaction to 18 .. 4 0. 097 0.894 4. 595 254 284 
2nd compaction to 17. 9 0. 099 0. 892 5.815 201 225 
3 ~rJ comp--tcti -:>•1 t) 1 7. 4 0. 102 0. 889 6. 1 75 189 213 
-lth compaction to 16. 9 0. 105 0. 885 6. 55 178 201 
5th compaction to 15. 9 0. 112 0. 878 7. 66 152 1 73 
6th compaction to 14. 9 0. 119 0. 870 9. 09 128 147 
7th compaction to 13. 9 0. 128 0. 860 10. 72 109 127 
8th cotnp,J ction to 12. 9 0 . 138 0. 8-t<) 12. 73 92. l 08 

Table II is .t typical example. Figure 11 is a graph. of K versus K /n from Table II, 
from wl1ich a - 8 ..ltl,l '\J - 0. 922. Poi11ls C)l'r·~:ipond ing to lower values of K (greater 
densification) must begin to fall below the line since they muo.;t tend towards the gr ~1ph 
ongtn. The limits of linearity have not been investigated. 

Laboratorf wo rk4 bas shown that the v~lut' of parameter a depends mainly on grain 
size. Figure 12 is a log-log plot of a versus grain size (d) calculated from screened 
fractions as defined under the previous heading "Texture .-,, 

The relation is approximately: 

a - 1 6 . 8 d 1 · 63 
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and we can now write 

K ~ 16. 8d1 ·63nN 
- N-n 

or if K 0 , n 0 , and N have been determined, the mean gra1n s1ze can be estimated: 

d ~ lK o (N -no) Jo .614 
- 16. 8Nn 0 

The parameter N is interpreted as representing a virtual porosity, perhaps the porosity 
of the loose.st possible packing f?r a given snow texture. For most snows at any stage of 
metamo rph1s m, the value N I n 0 IS close t o 1. 06 3, which means that there is a ''normal" 
density, i.e. , a "normal'' structure, corresponding to a given texture. Wind-packed 
s~ow shows abnormally high values of N/n 0 (up t o 1. 2); in a sense, its density is to o 
h1gh ; structure and texture are out of balance. Given enough time, metamorphism in 
such snows re-establishes the normal ratio N/n 0 . 

In sa.mpling very soft new snow, ~ gap between the sample qnd the tube often develops, 
preventing ~easurement of K 0 . Th1s value can then be calculated by determining a and 
N as descr·bed above, because the first compression closes the gap. -

K _ an 0 N 
o - N- no 

If only K 0 and n 0 have been determi11~d, the probable mean gram s1ze can be estimated 
by using N/n 0 ;-1 . 063 

d ( 
K )o. 614 

2 a·-3-"-n-o- m m • 

Figure 13 shows the field--a£ snow in the graph of permeability versus porosity, assembled 
from data from references 2 and 4. All snows fall within the indicated area. The g r ain
size lines are based on the above equation ford and are no more than guidelines. The 
graph shows the great value of permeability as an index property. 

F . CLASSIFICATION 

Almost every worke r in snow classifies different types in some manner, yet no 
proposed classification scheme has been generally adopted. The " International Classifi
cation of Snow (With Special Reference to Snow on the Ground), 11 issued by the Commission 
on Snow and Ice of the International Association of Hydrology 33 is very useful and slowly 
gaining favor. But it is not sufficiently quantitative for advanced scientific and engineer
mg purposes. A great deal of new work on standardization of testing techniques, and on 
correlation of numerical values of different properties will have to be done before a 
greatly improved classification can be proposed. Summarization of the con tent of the 
' International Classification" would not be useful ; the complete text is therefore offe red 
in an appendix, with the kind permission of the Commission on Snow and Ice of the Inter
national Association of Hydrology and of the Associate Commission on Soil and Snow 
Mechanics, National Research Council, Canada. 

Classification of the f o rms of falling snow has been done in very great detail , 28 based 
on the great variety of habits (s hapes ) of the atmospheric ice crystals. 
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FOREWORD 

In recent years the need for a standard system of classi
fying solid precipitation and fallen snow has become pressing. 
Mechanized transport over vast snow-ridden areas, the usefulness 
of accurate snow surveys in the mountain and upland regions of the 
world, and the intensified scientific study of lying snow - all these 
factors made it impelling to devise some reliable and simple 
method of reporting and recording snow. 

The seed ofthe International Snow Classification, which had 
long been germinating, took firm root during the meetings of the 
then International Commission on Snow and Glaciers in Oslo in 
1948. On that occasion three separate papers on snow data were 
read and it became clear that a master system must be devised. 
Accordingly, a committee was set up by the Commission consisting 
of Dr. V. J. Schaefer, Mr. G. J. Klein, and Dr. M. R. de Quervain 
with instructions to produce a system that would be generally and 
internationally acceptable. 

With immense labour and application, and after consulta
tions with corporate bodies and private individuals, a tentative 
scheme was produced. This was placed before the Commission 
at Brussels in 1951. After some final amendments, authority was 
given for its publication. The Classification is now being con
sidered by the World Meteorological Organisation through its 
Technical Commission on Aerology (C.Ae) and it is hoped that 
it will receive also the approval of this body. This publication 
has been greatly facilitated by the National Research Council of 
Canada through the good offices of Mr. R. F. Legget, Chairman of 
its Associate Committee on Soil and Snow Mechanics. 

On behalf of the Commission on Snow and Ice I gratefully 
acknowledge the debt we all owe to the authors of this work. 

November 13, 1952 
London, England 

Gerald Seligman, 
President, 
Commission on Snow and Ice 
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INTRODUCTION 

The classification presented herein has been developed by 
the Committee on Snow Classification in the hope that it m ay 
become the generally accepted international system for classifying 
SnOV.i. 

The Committee, which was formed at the Oslo Cordcrencr. 
of the International Union of Geodesy and Geophysics, regarded th~: 
question of an international nomenclature for snow as being ouLsidt. 
its province. For this reason symbols were used to designate the 
various classes and basic features of snow, making the dasstfi
cation independent of language and therefore more convenient: [u;· 

international use . Although the symbols may also be used 1•): 

teletype messages, it should be emphasized that the latter use: was 
not the primary reason for adopting the symbols . 

The classification is similar to several more or less parallel 
systems which have been developed in different countries and have 
been in use during the past one or two decades. The best features 
of these systems have been combined and modified to form a cor
herent and reasonably simple classification . Much thought and 
effort have been put into its general arrangement and detail s , and 
many groups and individuals directly concerned with snow re search 
have been consulte d with a view to making the classification as 
sui table and gene rally acceptable as possible. If the clas si fi cation 
is as well received as it was in its tentative draft form, there is 
little doubt that it will be adopted by many groups engaged in the 
study of snow and its related problems. 

An important feature of the classification 1s that it has 
been set up as the basic framework which may be expanded or 
contracted to suit the needs of any particular group ranging from 
scientists to skiers. It has also been arranged so that many of 
the observations may be made either with the aid of simple instru
ments or , alternatively, by visual methods. Since the two methods 
are basically parallel, measurements and visual observations may 
be combined in various ways to obtain the degree of precision 

required in any particular class of work. 

Section I, on solid precipitation, is not intended to replace 
that part of the International Meteorological Code which deals with 
snow , hail, etc., and care was taken to avoid any conflict between 
the two systems . Section I is based on the form of the crystal or 
particle and regards form and size of a particle as two separate 

features. 
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Section II, dealing with deposited snow, is based on the 
fundamental features which determine the physical characteristics 
of a mass of snow and distinguish one type from another . 

Sections I and II may be regarded as the fundamental part 
of the classification. 

Section III deals with measurements which are frequently 
required in describing a snow cover, while Section IV provides a 
means for describing certain features of the snow surface which 
may be significant in some problems. 

Subsection 1 of Section IV, dealing with surface deposits 
such as surface hoar, has been included because of its relation 
to snow lying on the ground. The ice deposits which form on the 
wings of aircraft are of a similar kind, and specialists in this 
field are using a more detailed classification than the classifi
cation for surface deposits presented here. It may be regarded 
as an example of an expansion of a section of the present classifi
cation. 

An attempt has been made to describe clearly each class 
or feature of snow in the body of the classification. The classifi
cation has also been presented in an abstract form which is suitable 
for convenient refe renee in the field. 

A number of examples explaining the use of the symbols 
are given in the text, while the use of the graphic symbols 1s 
illustrated in Appendix II. 

Those interested in the English terminology commonly used 
in describing snow should refer to "Snow Structure and Ski Fields" 
by G. Seligman, MacMillan and Co . , Limited, London, 1936. If a 
nomenclature for snow were included as an appendix to this classi
fication, it would closely follow the nomenclature given by Seligman . 

• 
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SOLID" PRECIPITATION 

The term " solid precipitation" refers to the various kinds of solid water particles 
which develop in the atmosphere and fall earthwards, for example, snow crystals, ice 
pellets. When a sharp distinction is drawn between falling and deposited particles, the 
term applies to precipitation while it remains airborne; but in the classification pre
sented here, "solid precipitation" is taken to also include freshly deposited particles 
which have not undergone any perceptible transformation subsequent to being depos1ted 
upon the earth. 

When different classes of solid precipitation occur together, the relative number 
of each type may be given as the number of tenths, or hundredths, e. g., 8F2D4 + 2F8Dl. 5 
designates 80 per cent stellar crystals of 4 mm. average diameter mixed with 20 per cent 
graupel of 1. 5 mm. average diameter. 

The International Meteorological Code may be used to indicate the intensity and 
duration of the precipitation as well as other weather data when this information 1s 
required. 

The method of classifying solid precipitation 1s outlined in subsections 1 and 2. 

1. Type of Particle 

Graphic symbol for snow in general, i.e. Fl to F7 

TABLE I 

CLASSES OF SOLID PRECIPITATION 

Description 

Plate 

A plate 1s a thin, plate -like snow crystal the form of which 
more or less resembles a hexagon or, in rare cases, a 
tnangle. Generally all edges or alternative edges of the 
plate are similar in pattern and length. 

Stellar Crystal 

A stellar crystal 1s a thin, flat snow c rystal in the form of 
a conventionalized star. It generally has six arms but 
stellar crystals with three or twelve arms occur occa
·sionally. The arms may lie in a single plane or in closely 
spaced parallel planes in which case the arms are inter
connected by a very short c'olumn. 

Column 

A column 1s a relatively short prismati c crystal, either 
solid or hollow, with plane, pyramidal, truncated or hollow 
ends. Pyramids, which rna y be regarded as a particular 
case, and combinations of columns are included in this class. 

General symbol F 

Symbol 

1 

2 

3 

Graphi c 
Symbol 

* 
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(Table I, continued) 

Description 

Needle 

A needle 1s a very slender needle -like snow particle of 
approximately cylindrical form . This class includes hollow 
bundles of parallel needles, which are very common, and 
combinations of needles arranged in any of a wide variety 
of fashions. 

Spatial Dendrite 

A spatial dendrite is a complex snow crystal with !ern-like 
arms which do not lie in a plane or in parallel planes but 
extend 1n many directions !rom a central nucleus . Its 
general form is roughly spherical. 

Capped Column 

A capped column 1s a column with plates of hexagonal or 
stellar form at its ends and, in many cases, with additional 
plates at intermediate positions. The plates are arranged 
normal to the principal axis of the column. Occasionally 
only one end of the column is capped in this manner. 

Irregular Crystal 

An irregular crystal is a snow particle made up of a num
ber of small crystals grown together in a random fashion. 
Generally the component crystals are so small that the 
crystalline form of the particle can only be seen with the 
aid of a magnifying glass or microscope. 

Graupel 

Graupel, which includes the soft hail, small hail, and snow 
pellets of the meteorologist, is a snow crystal or particle 
coated with a heavy deposit of nme. It may retain some 
evidence of the outline of the original crystal although the 
most common type has a form which is approximately 
spherical. 

Ice Pellet 

Ice pellets are frequent! y called "sleet" in North America. 
An i ce pellet is a transparent spheroid of ice and is usually 
fairly small. Some ice pellets do not have a frozen centre 
which indicates that, at least in some cases, freezing takes 
place from the surface inwards. 

Symbol 

4 

5 

6 

7 

8 

9 

Graph1 c 
Symbol 
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Description 

Hail 

A hailstone* is a grain of ice, generally having a laminar 
structure and characterized by its smooth glazed surface 
and its translucent or milky-white centre. Hail is usually 
associated with those atmospheric conditions which 
accompany thunderstorms. Hailstones are sometimes 
quite large. 

*In English, hail, like rain, refers to a number at one 
time, while hailstone, like raindrop, refers to an 
individual. 

Symbol 

0 

21 

Graphic 
Symbol 

Modifying features of classes Fl to FO may be included by adding one or more of 
the following subscripts. 

TABLE II 

MODIFYING FEATURES 

Feature 
Symbol 

Subscript 

Broken crystals p 

Rime - coated particles not sufficiently coated to be r 
classed as graupel 

Clusters. such as compound snow flakes, composed f . ' 
of several individual snow crystals 

Wet or partly melted particles w 

2. Size of Particle General symbol D 

The size of a crystal or particle is its greatest extension measured in milli
meters. When many particles are involved, e. g . , a compound snow flake, it refers to 
the average size of the individual particles. 

Example: F4fD2. 5 or 
needles, the average size of the 

f Dl. 5 designates a cluster 
needles being 2. 5 mm. 

or clusters composed of 
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SECTION II 

DEPOSITED SNOW 

A snow cover is generally composed of layers of different types of snow each of 
which is m ar(" or less homogeneous within its own boundaries. Section II deals with the 
classification of the type of snow in any one layer . 

A m ass of snow is very porous and it may or may not contain some water in the 
liquid state which is usually referred to as "free water". In the general case, therefore, 
snow may be regarded as a mixture of ice, air, and water, the ice being in the form of 
c rystals or grains which are usually interknit or welded together to form a structure 
wh1ch possesses some degree of strength. The physical characteristics of a mass of 
s now, like those of many other materials, depend upon the relative proportions of its 
constituents , its structure, and its temperature . Taking physical characteristic s as the 
c riterion, the primary features which classify a type of deposited snow are those given 
in Table Ill. 

TABLE III 

PRIMARY FEATURES OF DEPOSITED SNOW 

Feature Units Symbol 

Specific gravity, or non -d irnens ional 

g/ em 3, 3 G 
D e nsity or kg/rn . 

Free water content 1o by weight, or 
w 

see Table IV 

Impurities 1o by weight J 

Grain shape see Table V F 

Grain s1ze millimeters D 

<V Strength represented by: 
.... 
:::s 

Compressive yield strength, g/cm 2 . Kp ..., 
u 
:::s 

g / crn 2 . .... Tensile strength Kz ...., 
U) 

Shear strength at zero g/cm 2 . Ks 

normal stress, or 

Hardness accord1ng to instrument R 

Snow temperature degrees Centigrade T 

The above features are discussed 10 some detail 1n the following subsections . 

• 
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1. Specific Gravity General symbol G 

Specific gravity is the ratio of the weight of any volume of a substance to the we i ght 
of an equal volume of water and is therefore non-dimensional. Density may be used as 
an alternative. It should, however, be expressed either in grams per cubic centimeter or 
in kilograms per cubic meter; the former having the same numerical v.alue as specific 
gravity while the latter avoids the inconvenience of the decimal point. For example: a 
specific gravity of 0. 235 is equivalent to a density of 0. 235 grams per cubic centimeter 
or 235 kilograms per cubic meter. Using symbols, this maybe given as G 0. 235 or G 235 
provided the dimensions used are clearly indicated or understood. 

2. Free Water Content 

There are several methods of measuring the free 
fairly elaborate apparatus is usually required in order 
these methods are generally used only in a laboratory. 
content are expressed as a percentage by weight. 

General symbol W 

water content of snow but, since 
to obtain reasonable accuracy, 

Measurements of free water 

In field tests, reliance usually has to be placed upon simple observations. Table IV 
i s given as the basis of observations of this kind and,although this method was primarily 
intended for use in the f1eld, it is also of considerable value in the laboratory. 

TABLE IV 

FREE WATER CONTENT 

Term Remarks Symbol 
Graphic 
Symbol 

Dry Usually T is below 0° C, but dry snow can occur at any a 

D temperature up to and including 0° c. When its struc-
ture is broken down by crushing and the loose grains 
are lightly pressed together as in making a snow ball, 
the grains have little tendency to cling to each other. 

Moist T = oo C. The water is not visible even with the aid of b OJ a magnifying glass. When lightly crushed, the snow 
has a distinct tendency to stick together . . 

Wet T = oo C. The water can be recognized by its meniscus c []] between adJacent snow grains , but water cannot be 
pressed out by moderately squeezing the snow in the 
hands. 

Very T = oo C. The water can be pressed out by moderately d [ill] Wet squeezing the snow in the hanQs but there still is an 
appreciable amount of a1r confined within the snow 
structure. 

Slush T = oo C. Snow flooded with water and containing a e DilD relatively small amount of air. 
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.L lmpunties General symbol J 

This subsl!cllOn has been included tn the classtftcallon .r. order to cover those 
c ases tn whtch the ktnd and amount of an tmpurtty have an influence upon the phystcal 
chdractcnstt c s of the snow. In these cases the k1nd of 1mpurity should be fully dcscnbed 
and tts .tmount gtven as a percentage by we1ght. Common Impurities are: dust, sand, 
organt c n1CJI<'rial, salt, etc. 

Graphtc symbol 

4. Gt· <un Shape General symbol F 

In the Llasstftcahon, numerical symbols (Fl, F2, etc.) have been used for solld 
f>rCctptlctlton while alphabeltcal symbols (Fa, Fb, etc.) have been used for depostted s now. 
However, whenever a dtsttncllon between the vanous types of freshly deposited snow LS 

n·qu1 red, the classtftcatton g1ven 1n Table I may be used and, when necessary , the rclattve 
proportions of the vanous types may be expressed as the number o! tenths as explatned 
1n S. ction 1. 

TABLE V 

GRAIN SH .\PE 

Descnptton 

Cla ~ s "a " refers to freshly depos1ted snow composed of 
c ry s tals, or parts of broken crystals, of types Fl to F7 
( 'f.tblt• I). Snow which has lost tts crystall1ne character 
wl11k falltng to earth, and graupcl.1ce pellets, and hail do 
nol belong to th1s class. Class "a" snow IS generally 
Vl' ry 'iOfl. 

Class " b " 

Th1 s class rc fer s to snow du rtng its i n1 tial stage of settling. 
It has not reached the very fine gra1n-size coud1t1on whtch 
15 generally regarded as the conclusion of the 1n.tial stage 
o f transformation. Although 1t has lost a great deal of 1ts 
c ry !" talltne c haracter, some crystalline feabres can be 
oh:-ol'rvcd. Class " b " snow IS usually fa1rly soft. 

Cl.t s s "c" 

When c.,now 1s transformed by melt1ng, or melttng followed 
by frccztng. tt completely loses all crystalline features 
and its grc.uns be com~ Irregular and more or less rounded 
in form. Thts IS Class "c'' snow. It has no sparkle effect 
l'VCn tn br1ght sunltght and can be readtly recogmzed by 
1ts dull appearance. It 1s usually fatrly soft when wet, but 
can be vc ry hard when frozen. Class "c" snow may have 
any ~tz.c of grains from very ftne to very coarse. 

Symbol 

a 

b 

c 

Graph1c 
Symbol 
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., De~cr1ptton 

Chts~ 'd" 

At temperature~ well bdow iree z.t n~ and v.ithout any 
<.tf>f><1rcnl rnelung . ::.now i::. tran::.iormed tnto Cla::.s "d" by 
the process of sublimation wh1 ch produces 1 r r~gular gra1ns 
with tlat facl.!ts. The~c facets g1ve th1..· snow a distinct 
s pi.t r k 1 e e ff e c t 1 n b rt g h t ~ u n 1 i g h t. 1 n t h c A r c tt c , w h e r e 
l~.:mperatures are low and persistent winds accelerate the 
~uulirnat1on, practically all of the settled snow IS Class 
' 'cl'' clnd has almost as much sparkle a:; a deposit of F l 
cry~t<J.b. Class "d" snow IS usually fairly heird. 

Do.:pth lloeir 

D~· pu1 lliJc.ir 1::. chara c tcn~cd by its hollow cup-shaped 
cq. ;,l,d::.. These cry-.t<d::o arc produced by a very lov. rate 
ot s ubltmdllOn dunng a long umnterrupt~d cold pertod and 
.ti' C rnost frequently tound d:rectly belov.: a more or less 
trnpcrm.:>Ciblc crust 1n the lov.cr pc.irl of the ::.now cover. 
The ::otr~·ngth of a layer of depth hoar 1::. very low. 

::; , Gr.un St~c 

Symbol 

d 

e 

Graphic 
Symbol 

General symbol D 

The gr<J.in s1ze of a more or less h?mogcneous mass of snow1s the average stzt· of 
Ill> •rd1n~. taking the s1ze ol an indtvidual gra1n as 1ts greatest extension. A Stmple 
nH'Ih·Jd su1lablc ior fH:ld rneasurem ...: ntl> is to place a fa1r sample of the grains on a plate 
v. hi h has been ruled tn milltmct~.:rs. The average or typical size IS then est1mated by 

l' OI11jMI'Ing the ::.1zc of the gra1ns w1th the spac1ng of the hnes on the plate. 

The gra1n stze of dcpos1tL'd ::.now IS expressed 1n mtllimeters or, alte r natlvely , 

by tht• usc of the term::. or ::.ymbol::. presented in Table VI. 

TABLE VI 

GRAIN SIZE. OF DEPOSITED SNOW 

To.: rm Symbol Grain Stze Range 

Very hne a less th:tn 0 . 3 mm. 

F1nc b 0.5 to 1.0 mm. 

J\;Jedtum - 1.0 to 2. 0 mm . ·-
C Jii r::. ~ d 2.D to 4 .0 mm . 

Vc 1·y coarse e greater than 4 . 0 m m. 

35480 
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6. Strength of Structure General symbol K 

The yield strengths 1n compression, tension, and shear of many materials are 
generally inter-related by simple ratios, such as 2:2: 1 which applies to ductile 
materials. In this case, the three yield strengths are known when any one of them is 
given. Investigations, still in progress , indicate that a relation of this kind exists 
between the yield strengths of snow. It is therefore proposed that the strength of 
deposited snow be described by any one of the following: 

(a) Compressive yield strength, i.e., the stress under a 
compressive load at which initial collapse of the snow 
structure occurs' g/ cm2 . 

(b) Tensile strength, g/cm2. 

(c) Shear strength at zero normal stress, g/cm2. 

(d) Hardness, in which case the correlation between the 
readings of the particular hardness instrument and 
(a) , (b), or {c) above should be given. 

Since the technique and instruments required for measuring (a) and (d) are con
siderably less complex than those required for measuring (b) and (c), compressive yield 
strength and hardness measurements can be expected to be used more frequently than 
measurements of tensile and shear strength. 

TABLE VII 

STRENGTH OF DEPOSITED SNOW 

Term Range of Kp, g/cm2 Symbol Graphic Symbol 

Very low 0 - 10 a I I 
Low 10 - 100 b IZZL:L:I 
Medium 100 - 1000 c IX z 
High 1000 - 10,000 d I 72.. 72.. I 
Very high Greater than 10, 000 e 1% XI 

Ice 1 

7. Snow Temperature General symbol T 

The temperature of snow should be given in degrees Centigrade. Sometimes it 
for the more is desirable to record other related temperatures; the suggested symbols 

common ones are included below: 

Snow temperature T degrees Centigrade 

Air temperature Ta " " 
Temperature of snow surface Ts II " 
Ground temperature Tg " II 
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SECTION III 

SNOW COVER MEASUREMENTS 

A cross-section of a snow cover may be described by classifying the snow in each 
layer, as outlined in Section II, and by giving the location of the boundaries of the layers 
by means of measurements. The location of a layer boundary is generally established by 
its vertical co-ordinate measured from the surface of the ground but, in certain cases, 
where only the upper part of the snow cover is of interest or where it is difficult to 
use the ground as the reference, the snow surface may be taken as the reference. 

The symbols H, HS and HN should be used for all vertical measurements regard
less of whether they are taken at a place where the snow surface is horizontal or inclined. 
Vertical measurements are preferred even when the snow lies on a slope. If, however, 
the measurements are taken along a line perpendicular to an inclined snow surface, this 
fact should be indicated by using the corresponding symbols M, MS and MN. 

TABLE VIII 

SNOW COVER MEASUREMENTS 

Term Dimension Symbol 

Vertical co -ordinate (measured from the ground) em H 

Total depth of snow cover em HS 

Depth of daily new snowfall em HN 

Measurements corresponding to those above but em M, MS, 

taken perpendicularly to an inclined snow and MN 

surface 

Inclination of snow surface angle in N 
degrees 

Water equivalent of the snow cover mm HW 

Ratio of snow covered area to total area tenths Q 

Age of snow deposit indicate A 
whether 
hours, days, 
or years 
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SECTION IV 

SNOW SURF ACE CONDITIONS 

Surface deposits, such as surface hoar, and other features of the snow surface 
may be described as indicated in the following subsections. 

1. Surface Deposits General symbol V 

These deposits are represented by the symbols VI, V2, etc., to avoid confusion 
with the symbols Fl, F2, etc., for solid precipitation. 

TABLE IX 

SURFACE DEPOSITS 

Term and Description 

Surface Hoar 

Surface hoar is a deposit of plane, prismatic, or dendritic 
crystals formed by sublimation of water vapour onto any 
fixed object the temperature ofwhich is below 0°C. Plane 
crystals of surface hoar can be distinguished from plates 
(Fl) by their lack of symmetry. 

Soft Rime 

Soft rime 1 s a light, brittle feathery deposit intermediate 
between surface hoar and hard rime (see definition below) 
and appears to be a combination of the elem~nts of both 
hoar and rtme. 

Hard Rime 

Hard rime is a frozen deposit of small, supercooled fog 
droplets on any solid object. The droplets freeze tmme
diately upon contact ·with the object which gtves rime its 
very fine pebbly texture. 

Glazed Frost or Glaze 

Glazed frost is a smooth, thin, ice coating formed on any 
solid object by raindrops which have run together before 
freezing, or by thawing followed by freezing. 

2. Surface Roughness 

Symbol 
Graphic 
Symbol 

1 

2 v 

3 

4 

General symbol S 

This subsection does not refer to roughness due to the granular nature of snow, but 
to the roughness of a snow surface caused by the effects of wind, rain, unequal evaporation 
or unequal melting. The average depth of the irregularities, measured in em., may be 
combined with the symbol, for example: Sc lS or ~ 15. 
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TABLE X 

SURFACE ROUGHNESS 

Term Symbol G r aphic 
Symbol 

Smooth a 

Wavy b 

Concave furrows c ~ 

Convex furrows d --v-v-v-
Random furrows e 

3. Penetrability of Surface Layers General symbol P 

Occasionally, an approximate indication is required of the ability of a snow cover 
to satisfactorily support a certain load. The depth of penetration of some suitable object, 
such as a ski or a man's foot, may be employed for this purpose. The following symbols 
are suggested: 

Depth of ski track (skier supported on one ski) 

Depth of footprint (man standing on one foot) 

PS 

pp 

The depth of penetration should be measured in centimeters or may be expressed 
by symbols. 

TABLE XI 

DEPTH OF PENETRATION 

Term Depth Range, em. Symbol 

Very small less than 0. 5 a 

SmaH 0.5 to 2 b 

Medium 2 to 10 c 

Deep 10 to 30 d 

Very deep greater than 30 e 
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ABSTRACT OF THE CLASSIFICATION FOR SNOW 

1 SOLID PRECIPITATION 

TYPE OF PARTICLE 

PLATE 

STELLAR CRYSTAL 

COLUMN 

NEEDLE i '=.:" 

SPATIAL DENDRITE 

CAPPED COLUMN 

IRREGULAR CRYSTAL 

GRAUPEL 

ICE PELLET • 
" 

HAIL .ll 

MODIFYING BROKEN 
FEATURE CRYSTALS 

SYMBOL p 
SUBSCRIPT 

SIZE OF PARTICLE 0 

SYMBOL 

F f 

* · F2 

~ ~ F 3 

~ F4 

• I F 5 

~· F6 

- ~ F7 

-~ (}; r~. -~ 
F8 .... 

• • 
\ 

r----, ) 

!I } ~·~ F9 . ~ - , . ......... ~ 

~ - 0~ FO 

RIME COATED 
CRYSTALS 

CLUSTERS 

r f 

MEASURED IN MILLIMETERS . 

GRAPHIC 

SYMBOL 

0 

* 
I I 

• • 

I 

& 

A 

WET 

w 
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FEATURE SYMBOL 
SUBCLASSIFICAT ION 

0 b e d e 

SPECIFIC GRAVI T Y G 

FREE WATER, % w I I I I I I II I I Ill I I II II I 
dry moiSt wet very wet s Ius h 

GRAIN SHAPE F I + + I I / ' /1 I •••• I I c c c I I 1\1\ I 
Fl- F7 crystals portly settled rounded groins groins with depttl hoar facets 

GRAIN Sl ZE, mm. D < 0·5 0 ·5 -I I- 2 2-4 )4 

COMP. YLD. STGTH. g/em Z K I I 17 Zl IX XI IZZI ~ ~ 
0-10 10-102 102- 103 103

- 104 )104 

0 . 
SNOW TE M PERATURE, T C ICE LAYER L IMPURITIES J% I - -I , - -

Ill SNOW COVER MEASUREMENTS 

VERTICAL 
..L to 1ncllned 

surfoces INCLINATION SURFACE, DEGREES OF N 

CO-ORDINATE, em. H M 
WATER EQUIVALENT OF COVER, 

HW mm.OF WATER 

TOTAL DEPTH, em. HS M S SNOW COVERED AREA, 

TOTAL AREA Q TENTHS 

DAILY NEW em. H N M N AGE OF DEPOSIT, A HR., DAYS, ETC. 
SNOWFALL 

IV SNOW SURFACE CONDIT I ONS 

SURFACE DE P OSIT 

SY M BOL 

GRAPHIC SYMBOL 

SURFACE ROUGHNESS 

SYMBOL 

GRAPHIC SYMBOL 

SURFACE PENETRABILITY 

RANGE, em . 

SKI TRACK DEPTH 

FOOT PRINT DEPTH 

SURFACE HOAR SOFT RIME HARD RIME GLAZED FROST 

VI V2 

L-.J v 

SMOOTH WAVY 
CONCAVE 
FURROWS 

So Sb Sc 

~ ~ 

0 b c 

< 0 · 5 0 5-2 2-10 

(sKIER SUPPORTED ON ONE SKI) 

(MAN STANDING ON ONE FOOT) 

V3 V4 

y ('.) 

--

CONVEX RANDOM 
FURROWS FURROWS 

Sd Se 

~ ~ 

d e 

10-30 > 30 

em. PS 

em. PP 
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A 

b 

c 

0 

D 

F 

f 

G 

H 

APPENDIX I 

LIST O F S YMBOLS 

Age of a snow deposi t 

very low , etc. 

low, etc. 

medtum 

high' etc. 

very high, etc. 

Stze oi a particle 

Alwa ys u sed a fte r the general 
s ymbol o f a particular quali t y , 
such as s pe ci fic gravity t o 
i ndi ca te t he degree of t hat 
qua li t y . 

Shape or form of a pa r ticle 

with figure 

wtth letter 

solid precipitation 

deposited snow 

Clus ter of particles; see Table II 

S pe c th c gravtty, density 

Verti ca l co-ordinate 

HN Depth of daily new snowfall 

!IS T ota l depth of snow cover 
see Tabl e Vlll 

H W Water equivalent of snow cover 

An tce layer 

J 1 mpu n tie s 

K Gene ral s ymbol for strength of deposited snow 

Kp Co mpr esst ve yteld strength 

Shea r strength at zero norma 1 stre s~ see Table VII 

K z Tensile s trength 

M 

MN 

M S 

N 

p 

Measurements taken per pendi cularly 
to a n inclined snow sur face; 
5ee Table VIII 

inclination of a s now su rface 

Genera l symbol for penetrability o f surface 

De rived from: 

Alte r, A ge 

D iame ter 

F o r m 

F lake 

Gravity, Gewicht 

He ight , H auteu r , Ho he 

Ice 

, 
.!_m purities , Impllretes 

K ohasion 

M achtigkeit 

N ei gung 

I I 

P e n et r ate, Penetrer 



PP 

PS 

p 

Q 

R 

r 

s 

Depth of footprint 

Depth of ski track 

LIST OF SYMBOLS, continued 

see Section IV - 3 

Fragment of a snow crystal; see Table II 

Ratio of snow - covered area to total area 

Snow hardness, related to a particular instrument 

Rime -coated particle; see Table II 

General symbol for snow surface 

Sa to Se Snow surface roughness; see Table X 

T Snow temperature 

Ta Air temperature 

Tg Ground temperature 

Ts Temperature of the snow surface 

V Surface deposits, such as surface hoar; see Section IV- 1 

w Free water content of snow 

w Partly melted particles; see Table II 

28e 

Derived from: 

Partager, Part 

Quotient 

, 
Resistance, Rigidite 

Rime 

Surface 

Temperature 

Water, Wasser 
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A ve r tical section of a snow cover may be represented graphically a s 
illustrated below. The appropriate symbols for a particular layer are combi ned 
by superposition, while snow temperature ts plotted as a cu r ve. 
specific gravity may be tabulated as shown in the example or 
graphs. 

T oC 
' 

-4 -2 0 D G 
+ 3•0 95 

0·4 180 

0·8 275 

I · 0 380 

Grai n size and 
represe n ted by 

H 
80 

70 

60 

50 

40 

2·2 320 30 

20 

3·0 140 10 
4·0 200 
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SNOW AS A MATERIAL 

G. MECHANICS 

Notation 

Young• s Modulus 

Density* of snow 

Density of ice (0. 9179 g/cm3) 

Strain 

Activation energy 

Gas constant 

Time or Celsius (formerly centigrade) temperature 

Kelvin temperature 

Degree Celsius 

Base of natural logarithms or void ratio 

Snow grain diameter 

Stress 

Shear stress or retardation time 

Coefficient of dynamic viscosity 

Poisson's ratio 

>:<All densiti es are g1ven 1n g/cm3 unless otherwise stated . 

Introduction 

2.9 

Snow mechanics is a relatively new subject of scientific -technical research, which 
began to receive attention as an offshoot of soil mechanics in the late thirties, in rela-
tion to avalanche defense constructi on problems . The heavy emphasis on analogy 
between soil and snow mechanics has perhaps been not altogether fortunate . It was 
initially very helpful, but snow mechanics may now in some respects have to go its own 
way . It is presently only in a fair state of development, and a number of fundamental 
aspects, pritnarily creep under combined stresses, collapse behavior, and flow dynamics, 
are not yet well or at all formulated. The difficulties in development of snow mechanics, 
as a sc1ence and for engi nee ring purposes, stem mainly from the following factors: 

a ) the ve ry high temperature dependence of many properties of snow. 

b) the thermodynamic instability of snow. 

c ) the large density and significant grain size ranges of snow , and the 
very large dependence of mechanical property parameters on density 
and g r ain size . 

d ) the freedom of movement of grains in the snow struc ture . 

e) anisotropism and sample inhomogeneity. 

The s e factors will now be discussed . 
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a ) Ternperature . The mechanics of wet snow (temperature very close to OC, and 
vary J.ng hqu1d water content) has not yet been investigated quantitatively . Perhaps only 
two general statements can be made here: Ultimate strength decreases drastic ally when 
a sno\v becomes wet , and viscosity also decreases. 

We are concerned here only with dry snow at temperatures lower than a small fraction 
(not further defined) of a degree below the freezing point of ice at the prevailing pressure. 

Temperature has a moderate effect on elastic moduli, which increase with decreasing 
temperature. The following is reported on young snow. 3 7 

Et = Et
0 

- a ( t- t 0 ) 

where tis in C. 

Modulus Density 
{g/cm3 ) 

0.16-0.19 
0 . 16-0. 19 
0.23-0.25 
0.23-0.25 

Temperature 
range 

-1 to -7C 
-1 to -7C 
-1 to -18C 
-1 to -18C 

a 

0. 5 
0 . 7 
0 . 07 
0 . 1 

E 1 and E 2 are Young's moduli obtained from creep tests under static load, and are ex
plained later under creep mechanics. For Young's modulus E, determined from resonance 
frequency of oscillation of bars, the following values are given.Z9, 37 

Density Temp range a -
0.29 -1 to -8C 0. 1 
0 . 33 -1 to -8C 0 . 1 
0 . 54 -1 t o -8C 0 . 04 
0. 63 -2 to -9C 0 . 07 
0 . 76 -2 to -9C 0 . 08 

aE 
The parameter a = oT decreases at lower temperatures ,37 probably exponentially, and 

appears to be almost independent of density (y) for y < 0. 25 g I cm3. 

The effect of temperature on ultimate strength has been investigated for the case of 
tensile strength, 6 which increases with decreasing temperature. The derivative of 
strength with respect to temperature decreases, since strength does not increase indef
initely. The magnitude of this temperature effect will be given later . 

The effect of temperature on creep rate (€) of snow under stress is most important, 
and adequately given by eq 1, except very close to the melting point. 

F (1 
R T0 

- ~ ) 
• = e 
E To 

where T = degrees Kelvin {absolute temperature) 

T 0 - reference temperature, at which €T 
0 

has been measured. 

R - gas constant= 1. 987 cal/mol-degree 

F - activation energy = 1 0, 000 to 24, 000 cal I mol 

€T = strain rate (creep rate) at temperature T. 

( 1) 
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The activation energy seems to be some\•.'hat 
variable, \l.ithm the range 10,000 to 2-l, 000 
cal/mol 6

• 
2

6, 
29 • 37 'th 1' 000 f · , ·w1 ~, as a a1 r 

mean for purposes of comparing creep data 
obtained at different tempe r atures. The 
higher values are limited to some new 
snows .37 

Figure 1-l is a graph with T 0 - 2 63. 3 
(t 0 -1 OC) as reference temperature, 
using the above equat ion for different 
acti vat10n energies. The figure sh ov, s 
the enormous effect of temperature on 
the creep rate. Taking for instance a 
value ofF = 1-l, 000, snow under a given 
stress will creep t wice as fast at -10C 
than at -16 ~C , and 2 00 t i mes faster 
at -2C than at -50C. The lines of 
Figure 14 \\'ould very likely bend sharply 
upwards as they approach the ord1nate of 
melting temperature. 

It is easy to see that analysis of 
creep even in a homogeneous sno\v n1ass 
can becon1c unmanageable ''hen there 
arc temperature gradients. 

b) Thermodynamic instabillty. The 
s no\\ s true tu re is the nnodynarn i c a 11 y 111-

hcrently unstable, which leads to meta
mo rphisrn by rcc rys talliza.tion, des c ribcd 
in d<.'tclil previously. For mechanical 
beba vio r, the important consequence is 
increase in density and grain size with 
time. Density will remain constant or 
decrease slightly only when there is a 
loss of rnass by sublimation or ''hen ten
sile stresses dorninate. The usual con
dition is densification under combined 
s t r c s s c s . t h e no r rn a 1 rn in i tn u 1n s t res s 
being thc1 t cxc rted by the '"eight of the 
sno'' mtt~s it::>t.df. Grain gro\vth is 
f.t vo reel by a ppl icd stress bee a use 
thermodyn,nnic i1.stabihty is me reased 
by distortion of snow structure and tee 
c ry::>tctl lattice, but 1t 1s inhibited by 
n.:duction of purosity and perme,1bdtty 
upon clcnsification. 

• 

01 

---E -1o•c 

w .__ 

0.01 
<t 

0 a:: .__ 
z <t 
- a:: 
<t 
a:: .__ 
(/) 

0 .001 

0000 2 
TEMPERATURE, •c 

-10 -2 0 - 30 

Figure 1-l . Effec t of temperature on creep 
rate of snow for different values of dC.tl-
vation energy F (cal mol) Density and 

creep stress const.111l. 

c) Density and grain s1z.e. The creep rate is highly dependent on density (y). 
S 1 n c c , 1 n rn o s t cas e s , s no'" de n s if i e s t1 s i L i s de for me d , the rate of de f o r rna t ion de -
c rc';tses \\·ith t1n1e. Figure l '5 shO\\ s a typical con1pression versus time curve,Z and 
Ftgurc I (l shows curves relating viscosity to density .6 Such curves are v.ell described 
by t>Xponentlcd functions .2 '~2 The rc1te of creep E (derivative of deformat1on v. ith 
n~spcct lJ time) is proportional to an exponential of the density .22 • 25,37 

€: 
_l (2) 

€: 
Yo 
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Figure 15. Creep compression of snow as a func
tion of time at constant load and temperature. ( '( 0 

is the initial density.) (From Bucher, ref. 6) 
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Figure 17. Effect of density on creep rate 
of snow, for different values of exponent b. 

Temperature and creep stress constant. 

VISCOSIT Y, t<G·SECIM 2 

Figure 16. Viscosity of new snow 
as a function of density (g /cm3 ) at 

different temperatures. 
(From Bucher, ref. 6) 
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Figure 18. Snow density as a func
tion of depth on a polar glacier. 
(Site 2, Greenland 77°N 56°W). 

(From Bader et al. , ref 3 ). 
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Figure 19. Viscosity as a function of snow 
grain size for different densities and tem

peratures. (From Bucher, ref. 6). 
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2 4 6 8 10 12 

m, CROSS-SECTION NUMBER 

Figure 20. Cross-section number m of 
snow as a function of density . 

The parameter b varies from perhaps as little as 5 to as much as 40 for different snow 
type - time sequences. The conditions determining the value of b have not been investi
gated, since the concept is relatively new. It depends on snow type sequence, and 
perhaps also on the absolute value of the creep rate and temperature. Values of b :::- 21 
are very frequently found. Figure 17 is a ?lot of the equation for different values of b. 
As an example, forb = 2 5, the creep velocity would decrease by three o rders of magni 
tude during densification by a factor of 2, from 0. 25 to 0. 52 g/ cm3

. At y - 0. 4 a 1 Oo/o 
increase in density would drop the creep rate to one-thij_·d. 

This strong function indicates that, whe'1 a snow cover consisting of layers of different 
densities is slowly compressed, for instan ce by a footing, the lighter layers will densify 
much faster than the heavier ones, resulting in a homogenization of the mass wi th respect 
lo density. This phenomenon is well illustrated by density profiles of deep snow on high 
glaciers ~ The greater the depth (increasing load·and time), the smaller the deviations 
of density from the mean depth-density curve. Figure 18 shows this condition for Green
land snow a t 77N 56W. The parallelism of the maximum and minimum curves below 25 m 
is a ttributable t o grain size differences. The lower density layers are coarser- grained 
than the higher density ones, and the salient fact is that, for a given density and stress, 
coarse- grained snow creeps slower than fine-grained snow. This is well illustrated by 
Figure 19. (The creep velocity f: is inve r sely proportional to the viscosity 1') .) This is 
the only data available, meager for a formulation of the relation between creep velocity 
and grain size (D). The relation 

~ =(~} 
£ 1 ' Dz 

(3) 
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does not fit too badly: the effect would be linear in terms of grain volume. 

d) Freedom of movement of grains. In low-density snow there are large pore 
spaces into which grains can move more or less freely. Thus, for instance, a grain 
squeezed between one above and one below can often move out sideways without exerting 
lateral pres sure on a neighboring grain. In consequence, such snow can be vertically 
compressed with only a very small resultant lateral pressure if lateral dilatation lS 

suppressed. 

This phenomenon is most important, for it invalidates, at least for mechanics of low
density snow, the classical theoretical approach, wherein, for plastic deformation, the 
principal stresses are related to strain rates by analogy to elastic theory. Here the 11 m 11 

number, variously designated as "cross-section number" or 11 transverse coefficient11 is 
the vis co us or plastic analog to the inverse of Po is son 1 s ratio. The relation of m to 
density has been determined experimentally by uniaxial compress ion of snow cylinders , 35 

and is shown in Figure 2 0. If z is the length of a snow cylinder, and x is its width, and 
the cylinder is uniaxially compressed 1n z, then 

l dz 
---
z dt 

m - 1 dx = 
X dt 

x ll z for small Ll . 
z Ll x 

(4) 

From this basis an additive theory of snow deformation under combined stresses was 
developed ,35 , 6 ' 15 but has been shown to be inadequate .z6 Experiments on the relation 
between principal stresses in confined-side compression reveal that the resulting lateral 
stress is many times smaller than the one predicted by the additive theory. 

This means that we are presently without a useful theory of creep of snow under com
bined stresses. The freedom of movement of grains could perhaps be formulated in 
terms of a factor which is a function of density and possibly grain size, but not of tern
perature . The factor would be large for light snow, and decrease to a minimum value of 
unity as density mcreases. Instead of m, we would use a parameter m"" 

>!< m 
m I@ 

with the boundary conditions '( = 0 ' 
f(O) = 00 

'( = Yi ·• f(y) = 1 1 

terms of y. Its minimum value must be 2 at y .. 
1 

m itself will h a ve to be expressed in 

In particular, and as a good first approximation, low density snow reacts to triaxial 
stress in the s a me manner as to three corresponding independent uniaxial stresses, 1. e., 
the initial strain rate Ez in reaction to a stress o-z will be almost independent of the 
strain rates Ex and e:y produced by applied stresses o-x and o-y. 

A c:rea t amount of accurate experimental work will have to be done to clarify triaxial 
creep mechanics. 

e) Anisotro pism and s a mple inho mogeneity. Anisotropism of a vectorial property 
exists when its value changes with the direction in which it is measured. There are two 
main sources of snow anisotropism. 

l) The individual component 1ce crysta l is anisotropic. Young's modulus v a nes 
as much as 15% with direction. Since the bas a l plane normal to the main crysta llographic 
axis is the only she a r creep plane, the effective shear stress varies with angle between 
applied shear stress and basal plane. Hence snow can be anisotrophic with respect to 
Young 1 s modulus and visc o sity when the orienta tio n of the main crystallographic axis of 
the individual crystals is not random. When rec rys Lallization of a low -density snow takes 
place unde r strong temperature gradients, there is a tendency for preferred m a in- a xis 
o rientatio n par a llel to the gradient, i.e., n o rmal to the surface. Long-time pressure 
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metamorphism - for instance natural densification in deep snow on polar glaciers 
also produces preferred orientation, with main axis parallel to the vertical compres
sive stress. 13 

.. 2 ) Sno~ deposited during a snowfall is a very finely layered mass. During 
depos ~tlon, dens1ty, s true ture, and texture fluctuate with flue tuating wind velocity, 
changmg rate of snowfall, changing shape o f snow flakes, changing absolute and rela
tive humidity, and changing temperature . Sublimation metamorphism and densification 
due to gravitation have an initially homogenizing influence, but layering long remains a 
source of significant anisotropism. 

It would be surprising if pressure metamorphism did no t produce a structural 
anisotropism. In creep densification under lateral confinement, for instance in a layer 
under the l oad of the overlying snow, the principal stresses are unequal (crz>cr - cr ). 
The spacial network of grai ns developed under this condition is unlikely to be i~otro~ic . 

No further reference to anisotropism will be made in the f o llowing discussi on 
of snow mechanics because no useful quantitative data have been found in the literature. 
There can be little doubt, however , that it will loom large in the further development 
of this sc1ence. 

It has been found to be almost impossible to obtain or prepare identical snow 
specimens for laboratory investigation. Quantitative differences in behavior of appar
ently similar samples, all taken from a natural snow layer, or of specimens of care
fully prepared reconstituted snow are very disturbingly large. Z6 

f) Snow type in creep mechanics. The concept of snow type as defined by giving 
values of density, grain size , permeabiltty, viscosity, etc. breaks down in creep 
mechanics unless times and deformations are very small, because all these parameters 
change. 

One begins with a given snow type, but ends up with another after the snow has 
gone through a process of continuous change, at best only mass remaining constant. In 
snow, as in ice, deformation- time curves (at constant stress) always s bow an initial 
transient section with rapidly decreasing creep rate. In ice the curve often straightens 
out to permit determination of a steady creep rate, but rarely so in snow, where struc
tural changes, particularly grain growth and increasing density constantly lower the creep 
rate. It becomes necessary to introduce the concept of a continuous time sequence of 
even ts occurring in a mass with constantly chang ing properties, which has not yet been / 
done systematically. 

Types of Mechanical Behavior 

We can conveniently distinguish between .fo ur distinct classes of snow mechanics: 

l) Collapse mechanics. Ultimate strength i n tension, compression, and shear 
is given by the stresses causing structural collapse. Here the characteristic feature is 
sudden loss of cohesion, breaking of the bonds between grains, with or without the 
development of cracks. In tension and pure shear, the snow mass often breaks in one 
plane; in compression it sometimes crumbles, but, when unconfined, often shows the 
con ical failure indicating shear surfaces. Disaggregation is an important absorber of 
energy in snow removal. 

2 ) Flow mechanics. The characteristic phenomenon is continuing rapid defor
mation after structural collapse. The rigid units are individual grains, or groups of 
grains forming lumps of different size, which in dry snow often break up further during 
flow, but in wet snow can r e - agg r egate to larger coherent masses. In flow, energy is 
absorbed by dynamic friction between rigid units, by their acceleration, and by further 
fracture to smaller units. Flow mechanics is involved in r apid sliding along shear 
planes within a snow mass, produced for instance by failure of abutments; in avalanches 
of all types ; in snow plowing ; in crushing of snow under excessive load, by men on foot 
or skis and by oversnow vehicles ; by penetrating hardness-measuring instruments; by 
ramming of foundation piles ; also often in sliding contact between snow and other objects, 
such as skis, snow shovels, plow blades, and avalanche slope terrain. 
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J Snow is a highly efficient absorber of shock energy, which 1s largely .spent locally in J 
l disaggregation and densification by fast flow. 

A special type of flow is er countered in loose snow avalanches and rotary snow 
plowing, where the snow particles are more or less suspended in a fast flowing air 
stream, which because of low internal friction behaves to some extent like a heavy gas. 

3) Creep mechanics. 
leading to structural collapse. 
of cohesion. 

This is deformation under stresses smaller than those 
The charac te ris tic feature is that there is no rapid change 

4) Elasticity mechanics. Here the elastic properties of the mass d()minate. 
We are interested in response to rapid stress changes, primarily wave propagation 
following explosions for construction and demolition or for seismic sounding. 

We will now discuss snow mechanics in more detail, where possible. 

1) Collapse Mechanics 

The value of strength, expressed in terms of stress (per unit area) measured just 
before more or less sudden failure of test specimens, must be applied with caution to 
problems of failure of objects of different size and shape under different stress condi
tions. In the following discuss ion of strength, the main interest is in relative value, 
in the functions rather than in specific values of parameters. 

a) Tensile strength. The effect of temperature on tensile strength is not well ) 

(
formulated. Practically the only data available 6 are given in Figures 21 and 22, which 
show a strong effect for fine-grained snow, and a weak one for coarse-grained snow. 
Between - 1 OC and -3 OC, a strength gradient of s orne -2 ~ o/o per lC dues not fit badly to fine-
grained snow; it becomes larger at high temperature and smaller at low temperature. 
The figures show the strong effect of density, but this is better illustrated by determin
ationS made at Site 2, Greenland (77N 56W) in a deep snow-cover sequence. In-situ 
snow temperature is -24. 5C, and the densest snow is from 30 m depth and 40 years old. 
Tests by three methods, described in reference 8, were made at close t o -lOC and 
corrected to -1 OC by -2 ~ o/o per 1 C. Figure 23 summarizes the results. The following 
equation, 8 relating strength to density at -1 OC, will also be used for shear and crushing 
strength: 

cr-aD.y [1 +b( D.y)l j 

6 y = y -yo 

( 5) 

cr = crT = tensile strength at -lOC (by nng test 31 ) , 1n ps1 (multiply crby 70.3 to 
obtain g I cm2) 

a - 503 

b - 2 . 88 

Yo 

y 

- 0.37g/cm3 

I 3 > 0. 4 g em . 

It w:>uld be surprising if the parameter given for the tensile strength equation for the 
high-density fine-grained Site 2 snow we re applicable to snow from other areas, but 
the variation may not be very large. A tensile strength versus density diagram for lower 
density snows (Fig. 24) shows a very large scatter. 

b) Shear strength. Shear strength of snow is very similar to tensile strength, 
and, although the numbers given below indicate a lower shear strength, we must never
theless assume that tensile strength is lower than shear strength, because cylinders in 
tors ion fail with helical fracture surfaces characteristic of tens ion failure. s The dis
c repancy can be attributed to test techniques, as described in references 2, 7, 8, 31 
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Figure 25, again of tests made at Site 2, Greenland, shows the relation of shear strength 
to density. Equation 5 now applies as follows: 

CT = CT s - shear strength at zero normal pressure in psi at -1 OC 

a - 333 

b - 7. 04 

y 0 = 0. 3 7 g I c m 3 

y > 0. 4 g I cm3 . 

A graph of values of shear strength plotted against density for low-density snow would be 
very similar to Figure 24. Torsional shear strength of high-density snow was also 
determined al Site 2, with results shown in Figure 26. The parameters of eq 5 are: 

CT = torsional modulus of rupture, in psi at -1 OC 

a = 230 

b - 5. 73 

Yo - 0. 37 gl cm3 

y > 0. 5 g I c m3. 

Since the cylinders break on 45-degree helical surfaces, the failure 
tensile stress, compressive stress, and shear stress are all equal. 
ence in values of tensile strength calculated fr o m torsional and ring 
the difference in general stress distribution. 

is in tension. Here 
The larger differ

tests may be due to 

Using soil mechanics terminology, shear strength at zero normal pressure is often 
called cohesion. 

Shear strength increases when pressure (less than the crushing strength) is applied 
nor mal to the plane of failure. Figure 2 7 shows the effect for Site 2 snow, the curves 
corresponding to the following parameters of eq 5: 

Normal pressure a b Yo 

0 330 7. 04 0. 37 

30 ps1 558 5.44 0. 37 
60 pSl 643 6. 13 0. 37 

Figure 28, giving shear strength versus normal pressure at constant density is important 
in showing that Coulomb 1 s equation (lin ear Mohr envelope) is not applicable to cohesive 
sno w. But if the grain bonds are broken by structural collapse, and tests are made be
f o re stro ng new bonds form, we have a material behaving somewhat like sand and the 
l\1 o h r envelope straightens out. 2 Figure 2 9a is for coarse- grained dis aggregated snow, 
where new grain bonds develop slowly; FLgure 29b is for fine-grained snow, where they 
develop quickly. Coulomb's law is used in snow engineering, for instance in avalanche 
mechanics, and in relation to performance of overs now vehicles, but is of highly doubt
ful value to theoretical development. Coulomb 1 s law states that the shear strength is 
equal to the cohesion plus the product of normal pressure and the tangent of the angle of 
internal friction. 

c) Crushing strength (unconfined uniaxial compressive strength). Testing is 
usually done on cylindrical specimens with length-to-width ratio larger than 2. Loading 
rate should be high to minimize densification before failure. Figure 30 summarizes the 
Site 2 tests. Equation 5 simplifies to 

CTC 
1418 (y- 0. 39), y> 0. 4 

where CT c = crushing strength at -1 OC m ps 1. 
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Conical failure is often noticed in high-density snow, while low-density snow, which is 
very weak in compression and less homogeneous, fails along irregular surfaces with 
local crumbling. C omparison of Figures 23 and 30 shows that tensile strength is close 
to one-half of the crushing st·rength, which is not surprising because in uniaxial com
pression the maximum shea,.r stress is approximately half of the compressive stress, 
and shear and tensile strengths ~re similar. 

Both in nature (snow in an avalanched deposit) and in technology (compacted snow as 
a construction material) we encounter the phenomenon of age hardening of reconstituted 
snow. The term reconstituted snow is here used to designate a material produced either 
by c o lla-pse of a cohesive snow structure by rapid deformation, or by redeposition of 
disaggregated snow. Immediately after its formation, reconstituted snow has very low 
strength, but it gains strength with time, ultimately attaining approximately that of 
slowly compressed snow of equal density. 

Crushing strength of reconstituted snow as a function of time approaches a max1mum 
value exponentially: 17 

-
crt -

crm --

cro -
k --

-kt 
o-t = o- - ( o- - O"o)e m m 

crushing strength at time !. 
maximum attainable crushing strength 

crushing strength at t = 0 

rate coefficient. 

( 6a) 

The longer it takes for crt to reach a given fraction of crm• the smaller the value of 
k, which immediately suggests that the rate coefficient is temperature dependent accord
ing to eq l. The lower the temperature, the smaller the rate of strength increase. The 
rate of age hardening is accelerated by temperature gradients and pressure, by any 
process which stimulates internal vapor transfer. In engineering practice (compacted 
snow roads, trench roofing) it usually takes several days for crt to reach ~ crm at tern
peratures around -lOC. 

d) Com ressive For low-density snow, the compressive strength 
under lateral confinement for instance axial stress on a snow cylinder filling a rigid 
tube) is little greater than the corresponding unconfined crushing strength, but the dif
ference increases with density acc o rding to a function which has not been determined. 
It is unlikely that any existing theory relating failure in c ompression to the value of the 
principal will be useful for low-density snow. The collapse of a snow structure by 
failure of individual bonds lo<;ally and in rapid sequence, with development of high stress 
concentrations, destructive shock waves etc., strongly suggests that it will be very 
difficult to depart from use of purely empirical relations, and a great amount of expen-
mental work will have to be done before such can be formulated. • 

If a low-density snow is fairly rapidly compressed in a cylinder by a piston in uni
form motion, it reacts by collapse in several steps, until the density reaches about 
0. 5 g/ cm3 . At each collapse stage, there is a sudden loss of pis ton pres sure, followed 
by a continuous increase. After reaching a density around 0. 5, the snow grains are in 
close packing; the stress then increases very rapidly, as further densification requires 
deformation of an irx::reasing number of grains. Here we change from a discontinuous 
process of cpllapse by breaking of grain bonds to a continuous one of frictional flow. 

If an object, such as a plate, is pressed into a large snow mass at a uniform rate, the 
processes of densification by collapse and flow are both active. The stress in the snow 
decreases with distance from the plate because it is distributed over increasing areas of 
the pressure bulb. Collapse takes place in successive thin layer increments as the 
stress reaches the compressive strength in each, while collapsed layers begin to densify 
by frictional flow at high pressures. Stepwise collapse is well illustrated by Figure 31, 
a stress penetration curve for a plate moving at 2 cm/min. 27 The shaded area of 

I 
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Figure 32 indicates the range of densities to which new snows are compressed by 
collapse under lateral confinement and negligible lateral friction .7 The behavior 

43 

a~ -~C of five samples of original density lying between 0. 06 and 0. 16 g / cm3 falls 
w1thm the shaded area. Careful work with pressure plates should make it possible to 
define the limits of the pressure bulb (within which the snow is disturbed). The slow 
increase of stress with penetration indicates that the diameter of the pressure bulb 
increases only slowly with distance from the plate. Figures 33 and 34 show the develop
ment of essentially conical pres sure bulbs in low-density snow ,37 reflecting the weak
ness of shear resistance. In contrast to this, wet snow (Fig. 35) appears to have a high 
ratio of shear to compressive strength, and a very low viscosity. 

e) Work of disaggregation. This is the minimum work that has to be done to 
break up a unit volume or mass of snow into its individual grains. It applies only to 
low-density snow (y < Q. 55), which can be dis aggregated without significant grain break
age. Measurements are made by slowly moving a snow cylinder against a slowly revolv-
ing spiked wheel and measuring the torque and the rpm .8 Figure 36 gives the work of 
disaggregation for Site 2 snow. Eq 5 can again be used. 

CT - work of disaggregation 1n lb I in3 

a - 1. 20 

b - 65. 12 

Yo - 0.37 

y<0.55. 

Hard high-density snow cannot be disaggregated wit.hout significant grain breakage. 
The concept of minimum work of disaggregation then becomes meaningless. 

Technical note: It is well known that large rotary snowplows, with disaggregators to 
break up the snow, can process very much less hard snow than soft snow; yet the work 
of disaggregation is almost negligibly small, requiring, according to the above equation, 
only 2. 3 hp for l yd3/sec of 0. 5 density snow. 

f) High speed collapse mechanics is technically important in snow removal, 
compaction of snow by moving vehicles, avalanche effects, and explosions in sn.)w. At 
high speed (meters per second), compressibility and flow of interstitial a1r, snow-mass 
inertia, and fast frictional flow become important. This branch of snow mechanics is 
almost completely undeveloped. 

A single significant published paper was found.38 An instrumented, heavy guided 
cylinder was dropped into snow. The pertinent observations are that the resistance to 
penetration at velocities of meters per second oscillates (frequency of the order of 
milli-seconds), and that the pres sure bulb shows alternating high- and low-density 
layers, as illustrated in Figure 3 7, indicative of a shock wave (with interfe renee phe
nomena) travelling faster than the penetrating object. It is obvious that analysis must 
await more experimental work. 

2) Flow mechanics 

There are insufficient quantitative data available to permit a fruitful exposition of 
flow mechanics. The only subject on which we have an appreciable volume of publica
tions is marginal to flow mechanics, because in most cases a surface layer only a few 
grains thick is involved. This is friction of skis on snow, and here the scatter of data 
and diversity in procecure are so large that one cannot formulate a good theory of £ric
tion between solids and snow. Only a few general conclusions are worth summarizing. 

a) The coefficient of kinetic friction (ratio of tangential to normal force) of 
relatively smooth solid surfaces on snow varies mainly between 0. 01 and 0. 1 but can be 
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larger. Increasing the degree of solid surface 
smoothness of non-metallic substances, such as 
wo9d, plastics, glass, reduces friction, but not 
necessarily so for metals. 

b) Hydrophobic coatings reduce friction 
on wet snow, but to a much smaller degree on dry 
snow. 

c) Friction on coarse-grained snow is 
lower than on fine- grained snow. 

d) The coefficient decreases with m
creasing normal load. 

e) The coefficient 1ncreases with de
creas mg temperature . 

f) The coefficient increases with 
velocity, but probably less than linearly. 

There is little doubt that the low coefficient of 
sliding friction results from lubrication by melt 
water produced by frictional heating, and not by 
pressure melting. 

Figures 38 and 39 summarize the only data 
available for dynamic friction of snow on snow .7 

The snow was wet and hard, with a density of from 
0 . 5 to 0. 6. The salient feature is an increase of 
friction with velocity at constant normal pressure, 
and an increase with normal pressure at constant 
velocity. 
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Figure 36. Minimum work 
of disaggregation per unit 
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Figure 3 7. High speed collapse compress10n of snow. Left: Spray figure show
ing dark high density layers in pressure bulb. Right: Shade figure of same pres

sure bulb . (From Yosida, et al, ref. 38) 
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The important natural processes and technologies involving flow for larger masses 
of snow p r esently have no theoretical basis wo r th mentioning . 

3) Creep mechanics 

I n classical mechanics of solids, e s pecially of construction mate rials , a detectable 
rate of creep is oft-en considered to be a failure. Not so in snow, where relatively very 
h i gh creep rates are often tolerable in enginee r ing practice. It becomes reasonable to 
iden t ify failure with collapse rather than with creep. 

By creep, as already stated, we will understand deformation under stresses smaller 
than those causing structural collapse. Creep mechanics deals with the relations between 
str ess, s train, and t ime. 

Rheologically, snow is a non - Newtonian, visco-elastic substance. It is viscous 
because it will acquire pe r manent time - controlled deformati on under very small st r esses ; 
elastic because there is a time -independent deformational component recoverable upon 
stress release, and non-Newtonian because the strain rate is not a linear function of 
stress. Strain rate {E) increases faster than stress {cr-) , with the important character
isti c that it remains practically constant for stress values up to about 600 g/cm2 (8~ psi) . 
Since this is also close to the maximum shear strength of low-density snows, these can 
be considered Newtonian with respect to viscosity. The scatter of experimental creep 
data obtained f r om highly st r esse d high - density snow is· such that the choice of one power 
series in preference to another cannot be made with great confidence. At the present 
time, a hyperbolic sine function is gaining favor, because it fits the data rather well, 
and is supported by theoretical conside r ations 2 0 based on activation kinetics . The 
hyperbolic sine is also easie r to handle analytically than finite power series. 

We can the r efore write: 

€ a: ero sinh er 
ero 

To obtain some insight into the nature of the function, we w r ite it as a senes 

. h er ero s1n -
ero 

2 
(-9:. ) 

+ era 
3! + 

4 
(L ) 
era 
5! + .. . ) 

( 7) 

and see that the first term er dominates (i. e. , the viscosity is almost Newtonian) when 
erl er0 is small. 

The series can also be written as 
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where we see that the influence of the second term 1s small when cr/ cro is la r ge; the 
function then becomes exponential. Since cr/ :ro must be a r eal number, cro has the dim en
s ion of a stress. A value of about 700 g/ cm2 ( l 0 psi) has been derived from expe rim en ts .z6 

In Figure 40 we have plotted the follow
ing fun c.tions : 

y - CT 

y - 700 s i nh 7 ~0 

y = 3 50 exp 7 ~O . 

If we are willing to accept a l O% error 
limit, which is quite reasonable, we can 
in principle handle any problem where 
stresses do not exceed 600 g/cm2 on the 
basis of direct proportionality between 
stress and strain rate, and when str esses 
are always above 800 g/ cm2 we can 
assume proportionality of str ain - rate to 
an exponential function of the stress, 
which simplifies expression and calcula
tion . For stresses larger than 
1000 g/ cm2 the error drops less than 1%. 

Let us now cons ide r the c r eep prop
erties of a given snow. I n o r d er t o 
minimize the effect of density change, 
total strain must be kept ve r y small . 
Here a delicate piece of wo r k 37 allows 
an analysis of fundamen ta l c r eep behavior. 
A cyli nder of relat ivel y new snow of 
density 0. 19 was subjected a t - 9C to a 
uniaxial surcharge stress of 104 dynes/ cmZ 
(1 0 g/cm2 ) for 7 minutes, and then the 
surcharge was removed. 

Figure 41 shows the result after 
subtracting the effect of the weight of the 
snow cylinder by a satisfactory method. 
When applied stresses are so small 
that the proper weight of the snow sample 
cannot be neglected, it can be assumed 
that there exists a vertical force equal 
to ~ of the proper weight. 25 The be
havior is interpretabl e by a rheological 
model consisting of singl e Max well and 
V oigt units in seri es, as s h ewn in 
Figure 4 2. 

3500.-----------------------------------

3000 

2500 

2000 

f 
10•1. ERROR 

1500 LI WIT 

I 
1000 

500 1000 1500 2000 
cr, G/ cm2 

Figure 40. G r aph of stress effect functions. 

y - cr -

y - cro sinh L for T o - 700 -
cro 

y ~ exp CT for T o = 700 - 2 cro 

1) Ins tan tane ous e l as tic strain (0 to A in Fig . 4 1) c o rrespon ds t o compress i on 
of the Maxwell spring . 

2) Dec r eas i ng s tr a i n rate (A to B) "trans i ent c r eep•• corresponds to the sum 
of constant viscous flow in t he Maxwell dashpot and decreasing viscous flow in the Voigt 
d ashpot as the V oigt spring is comp r essed. 

3 ) Constant str ain rate (B to C ) ''steady state creep" correspond~ to v i scous 
flow in the Maxwell dashpot a l one, after the Voigt spring has picked up pract1cally the 

full load. 
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Figure 41. Strain, parallel to uniaxially applied 
constant stress, versus time. Stress removed 
at t = 7 mm. Snow density 'I = 0 . 19, tempera-

ture -9C. {From Yosida et al., ref. 37) 

Figure 42. Rheological model for 
behavior shown in Fig. 41. Max
well and Voigt rheological units in 
series. (From Yosidaetal., ref. 37 ) 

4) Instantaneous complete recovery (C to D) of original elastic strain {OA) 
upon stress release corresponds to stretching of Maxwell spring. 

5) Slow recovery (D to D 1
) of the strain component (AA' ) "elas to -viscous 

aftereffect" corresponds to relaxation of the Voigt unit. 

In terms of the snow structure, it can be visualized that the Maxwell unit represents 
the behavior of the aggregate as an ideal highly viscous Newtonian fluid, while the Voigt 
unit represents the complications arising from interference among groups of neighboring 
grains, where local stresses and strains are constantly changing as the grains move with 
respect to one another. 

The same model has been applied also to the behavior of granular ice at low stress .1 s 
It must be pointed out, however, that rheologists have developed much mo r e sophisticated 
theories of visco-elastic behavior. 

The Maxwell rheological unit corresponds to the following relation between stress rr . 
strain e 1 , timet, elastic modulus Ei, and viscosity 111 .* 

The first term is OA in Figure 41 and the second the vertical distance from A 1 to C. 

Here for constant stress there is a constant strain rate E = a e: I at given by the slope 
of BC. This is Newtonian flow. 

• IT 
e: l = -

Tl l 

The transient creep term 1s introduced by the Voigt unit 

£2 = i.C 1 - e- ~ ) 

where T = TJz I Ez is the "retardation time. 11 

The value of the exponential term decreases rapidly, so that AA'- rriEz · 

(9) 

( l 0 ) 

*Note that th1s c o eihc1ent 1s tw1ce that of dynamic viscosity relating to shear, smce 
Poisson's ratio is close to zero here. 



The Voigt creep rate is 
t 
'T 

The total creep lS: 

and the creep rate 
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+ (]" 

Tlz 
e 

t 
'T 

The second term of eq 12 reflects the transient creep rate, which rapidly decreases 
with time. 

At time t 0 , when the load is removed, the stress on the Voigt spring is (]"o. 

The strain recovery by elasto - viscous aftereffect (DD' in Fig. 41) takes place at the 
decreasing rate - i 3 • 

-£ = ..E::..o e 3 Tlz 

t- t 0 

'T 

and the total recovery a t time t > t 0 is 

- £ - _qjL 3 -
Ez 

t - t 0 
T )· 
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( 1 Oa} 

( ll) 

( 12} 

( l2a} 

(13} 

( 14} 

If, at time t 0 , the plate exerting the constant stress (]" had been locked in relation to 
the base of the vertical snow cylinder, the stress acting on the plate would have begun 
to decrease by relaxation. The rate of stress decrease should be 

at constant strain £ 0 • 

We use eq 11 and obtain, .at time t 0 + ..::\ t 

(~1 .- ~t ) 
Eo +__!_ 

• Tll, 
(]"r -

+ iz (I -e - A/) J [-1 + 
.a t 

El 1'1 1 

( 15) 
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The stress itself is : 

~ t + _1_ (1 
fl t Ez 

~ t' 
( 16) CTr -

- e 'T ) 
The validi ty of the rheological model has not been tested by experimental ve r ification 
of e q 15 and 16. 

I n the example shown in Figure 41, the parameters are as fo llows : 

E 1 - 0 . 96 x 107 dyne/cmZ 
Ez - l. 92 x 107 dyne/ cmZ 
fl i - 2. 45 x 109 dyne - sec/cm2 (poises ) 
'T) z - 9 . 80 x 108 dyne-sec/cm2 (poises ) 
r - 51 sec . 

For fine - grained ice at -1 OC we find values of the following orde r s of magnitude: 18 

E I :: 1 Ql 0 111 C::1 1 Ql4 po1s e s 

Ez :: 1011 'llz C::1 1 Ql3 p01ses 

'T :: 1 Q4 sec . 

Thi s shows the tremendous change in paramete r values to be expected as snow density, 
structure , and texture change with time and def ormation . Here is one of the g r eatest 
obstacles to the development of a general theory of creep mechanics of snow. Another , 
which has already been touched upon, is the par alyzing effect of varying freedom of 
grain movement within the snow structure on formul ation of creep behavior under com
bined stresses . 

Classical theory of creep deformation of solids formulates the relati ons between 
stress condition and pure shear strain, incompressibility being (except for Poisson 
effects ) an essential premise . Hence an i ncompress ible body does not deform under 
hydrostatic stress condition because shear stresses vanish when the principal stresses 
become e qual. But snow does deform under hydrostatic stress, reacting by a permanent 
change of volume , densifying apparently according to exactly the same laws applying to 
creep by sbear .z6 

The modification of classical theory to account for hydrostanc .rdensification creep" 
has not been seri ously attempted . It is not known, for instance, whethe r the concept 
of hydrostatic component ( ~ .E CTi ) remains at all meaningful. 

The m,)dified theory will also have to account for a phenomenon which emerged 
early in snow mechanics: z the fact that rate of elongation under uniaxial tension is much 
smaller than the rate of shortening under equal compression (Fig. 43) . 

The significance of this difference in creep rate is accentuated by the small reduc 
tion of density during elongation (for instance 3 . 5o/o for an elongation of 16. 6o/o z against 
large densification during compression . It is clear that eq 2 , a very strong function, is 
not valid when the dominating principal stress is tensile and strains are large , which 
could introduce an insurmountable difficulty into general theory . But eq 2 does apply for 
small strains, in snows of different densities , in tensile creep . It may also be possible 
to reconcile the difference between tensile and compressive creep rates by introducing 
a "shrinkage stress" 6 CT ~ as shown in Figure 44 . CT~ is a tensile stress requi r ed to 
prevent a virtual densification , which is conceived to be taking place during subjection 
of snow to compressive or tensile stress , but not during a condition of no applied stress . 
If CT is a uniaxial stress, then the creep rate in compression under CT - CT; is approxi -
mately equal to that in tension under CT + u ~ . · 

Figure 45 illustrates another frustrating aspect of creep mechanics . It is a new 
plotting of old data 35 on creep under uniaxial stress . Two samples, one of compac ted 
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new snow, the other of compacted old snow, were 
subjected to increasing, high c ompression in 
steps. It is no~eworthy that at very high creep 
rates (€ ~ 10 4 to 10-s sec - 1) 

a) the exponent multiplier b of eq 2 
decreases with increasing stress 

b) The hyperbolic sine law ( eq 7) may 
not be valid. If it is valid, then cr-0 will be much 
larger than the 10 psi previously quoted . 

The range of creep rate within which rela
tions 2 and 7 are valid is not known, but m ost 
probably includes the maximum deformation 
rates tolerable in snow engineering (foundations, 
excavations in snow, and snow roofs) . That it 
does include natural densification creep over 
the v.hole range of snow densities in the very 
deep snow cover of p o lar glaciers is shown in 
Figure 46. The points are measured densities 
at the indicated depths belo w t he surface . The 
curve was calculated 1 on the b as is of valid ity 
of the hyperb9lic sine law of stre ss dependence 
( eq 7, cr-0 = 663 g I cm2 ) and the expone ntial law 
of density dependence (eq 2, b = 21 . 05) . This 
theory fails at '( > 0. 84 g/ cm3, cr- > 5 kg / cm2 ; but 
snow, but rather poro us ice. 

z 
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Figure 43. Comparison of creep 
under uniaxial tension and com
pressio n for different stresses. 

(From Bader ~ al., ref. 2) 

then we no longer have permeable 

The fact that for the deep pit at Wilkes, Antarctica ( 66 io S, 11 2 o E) the theoretical 
curve fits well down to '( > 0 . 9 g / cm3 (Fig . 46) indicates that it is the hyperbolic sine 
law which fails at cr- > 5 kg / cm2

. At Wilkes cr- = 4 . 3 kg / cm2 for'( = 0. 9, cr-o is the same 
as at Site 2, Greenland, but b = 15. 77. The creep rate of snow appears to be highly 
sensitive t o change of rate of stress applic ation (second derivative of stress with res
pect to time). Samples taken from natural snow that had been subjected to a slowly in
creasing l oad for decades 3 showed an increase in creep rate of the order of 104 when 
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reloaded several hours after extraction from the snow mass . It is obvious that relaxa 
tion processes are most important in creep mechanics ; snow really never reaches a 
steady creep state, it is ever in a transient state of response . 

4) Elasticity mechanics 

Here we deal with' high rates of stress application, where the elastic properties 
come to the fore. Validity of Hooke's law has been verified experimentally 37 for small 
stresses. Young's modulus (E1 ) at - lOC determined from static load t:ests, increases 
from 107 dyne / cm2 at density 0. 2 g/cm3 to 101 0 at density of ice, according to an unknown 
function. Young's modulus calculated from resonance vibration (approximately 200 cps) 
of bars is much larger .29 Figure 4 7 covers the density range 0 . 2 7 to 0. 6 g I cm3 , and 
Figure 48 the whole range from 0 . 2 7 to maximum ice density. Two ranges for "ordinary'' 
fine - grained snows are recognized, an exponential one for low density, and a linear one 
for high density. For Site 2, Greenland-snow test temperature -9C, we have: 

E = 6. 3 x 106 exp 14. 6 '( dyne/cm2 for 0. 27 <'(< 0. 5 (17) 

and 

E = (16. 4 '( -7. 2 0) x 1010 dyne/cm2 for 0 . 5< '( < 0. 9. ( 18) 

The modulus is higher than 
lower for coarse- grained snow. 
grain size. 

normal for wind - packed snow (very fine grain) and 
Thus for a given density, E decreases with increasing 

Young's modulus is dependent on test vibration frequency, 29 usually decreasing 
by some 10% between 200 and 300 cps and then remaining fairly constant from 300 to 

• 
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600 cps. The smaller value at zero cycles may indicate the existence of a maximum 
somewhere between 0 and 2 00 cps. 

Seismic depth - sounding at Site 2 , Greenland, 5 gave information on elastic moduli 
as a function of depth, which can be converte d t o o ne of density by means of the depth
density relation (Fig. 46) . Values of Young' s modulus E and Poisson's ratio v are 
shown in Figure 49 . The deviati on of v from the line is-hardly real, and we write: 

v = 0. 22 t0.1 22y 0.4<y<0.72 

E = (18. 5y- 7. 85)x 1010 dyne / cm2 0. 4 <y< 0. 72 

These values of E are a little higher than those obtained from vibrating bars (eq 18). 
Seismic records show no frequency dependence between 70 cps and 500 cps. 

In large snow masses, sonic waves propagate according to the equations used in 
seismic sounding : 

compressional wave velocity v J ~· 1 - v --
{l+v ){ l-2v) p 

shear wave velocity J ~· 1 v - 2 (1 + v) s 

Substituting from eq 19 and 2 0, we can write expre ssions for wave velocity as a 
function of density, for Site 2 snow, 0. 45 < y < 0. 72 

- 2 74 losJY- 0 · 424 em / sec vs . x y(l t O.ly) 

v = v p s 
J 6. 394- y 

2.295-y 
em / sec. 

Relations between Equivalent Parameters 

For convenience in transformation between interchangeably used parameters, the 
following relations are given : 

y - density, g/cm3 O<y~ 0. 917 

V - specific volume, cm3 I g oo> V > 1. 09 0 

n = porosity, dimensionless l>n>O 

e = void ratio, dimensionless oo> e ~.o 

Y· 1 

v. 
1 

0. 917, density of ice 

- 1. 090, sp. vel. of ice 

yi 
Y - Yi (l - n) - e+l 

V . 

1 -
v 

1 v 1 
V.(e+l) - - = - - 1 y -n 1 

· y . -y v- v . 
1 e 1 

n - = . -
Y· e + 1 v 

1 

Y· - y v- v . 
1 n 1 -e - - - v. y 1 - n 

1 

( 19) 

(2 0) 

(21) 

(22) 

(23) 

(24) 
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C o nversion Table 

Several dimensional systems are used in text and figures. The following conversion 
table is given to facilitate transformation. 

-2 
1 psi = 7. 03 kg/dm2 = 7. 03x 10 kg/cm2 = 70.3 g / cm2 = 6. 90x 104 dynes/cm2 

1 kg / dm2 _ 10-2 kg / cm2 = 10 g l cm2 = 9. 8l x 103 dynes l cm2 = 0. 142 psi 

1 kglcm2 - 102 kgldm2 = 103 glcm2 = 9. 81 x 105 dyneslcm2 = 14.2 psi 
-2 

1 g l cmz = 0.1 kg l dm2 = 10-3 kg l cm2 = 9. 81 x 102 dynes l cm2 = 1. 42x 10 ps1 

1 dyne/cm2 = 1. 02x 10_-: glcm2 = 1. 02x 10-4 kgldm2 = 1. 02x 10-
6 

kg/cm2 

= 1. 45x 10 psi 

1 kglm3 -3 
- 10 g/ cm3 

1 g / cm3 - 103 kg / m3 

1 kg sec/m2 = 98. 1 dynes seclcm2 (poises) 

-2 
1 dyne sec l cm2 = 1. 02x 10 kg sec l m 2 

1 degree Fahrenheit = 519 of 1 degree Celsius (formerly Centigrade) 

Degrees F - 32 + 9 15xdegrees C 

Degrees c - 519 (degrees F - 32) 

Degrees K e 1 vi n = 2 7 3 . 2 + degrees c 

1 g l cm2 - 2. 048 lb l ftZ -

1 g l cm3 - 62.43 lb l ft3. -

H. THERMAL PROPERTIES 

The specific heat of the gas in the pores of snow is of the order of a thousandth of 
that of the ice content; hence the specific heat of snow is almost equal to that of ice 
(:: 0. 5 cal l g-c). 

Latent heats of melting and sublimation of snow and ice (:: 80 cal I g and :: 7 00 cal I g · 
respectively) are also almost equal. The values for ice are discussed in another section. 

It is possible that high precisio n measurement on sno w, especially in the vicinity of 
the melting point, w o uld sho w small deviations fr o m the heat values of ice, due to the 
effects of small grain size and large interphase surface. The effect of interstitial gas 
would then also be felt. 

No measurements of thermal c o efficients of expansio n of snow have been found. One 
would expect themto be somewhat smaller than those of ice )inear, ::SOx 10-6 per lC). 

The thermal conductivity of snow is no t well known; measurement is difficult, and 
the value is n ot only a function of density, but depends also on structure, texture, and 
interstitial air. flow. Thermal conductivity of wet snow must be zero, because it is iso
thermal. Heat can penetrate wet snow by only two means, short wave radiation and 
percolation of melt water (release of latent heat upon refreezing). Thus a wet snow 
layer is an efficient one-way valve for heat which can get in (down), but not out (up). 
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In contrast, heat flow down through a dry snow layer under a temperature gradient 
is smaller than heat flow up under an equal, but inverse gradient. Let us list the 
mechanisms of heat transfer in dry snow. 

A. Conduction through the ice network. 

B . Conduction through the interstitial air. 

C. Radiant energy transfer between grains along temperature 
gradient. 

D. Via mass transfer in the vapor phase by diffusion along 
water vapor pressure gradient. 

E. · Via mass transfer of air and vapor in convective flow. 

The magnitude of the components A and C does not depend on whether heat Hows 
up or down. 

When the upper surface of the snow layer is warmer than the lower one, the inter 
stitial air is stable (E = 0) and components B and D contribute to downward heat flow. 
But when the top is colder than the bottom, the interstitial air mass is unstable and 
convective flow can set in. Component E can become much larger than B = D. 

Refe renee 24 is a good discuss ion of the problem of heat transfer with a list of 
references. The following information is extracted: 

a) of the component (A + B + D) , B accounts for about ~ at 
y = 0. 33 g/cm3 

b) Component D is almost independent of density, and can compnse 
as much as ; of the heat transfer in a snow cover. 

c) Component D cannot be smaller than B. 

d) Component C is probably not significant; the temperature is too 
low for high radiation flux. 

A number of different empirical equations relating thermal conductivity to density 
alone have been proposed . Four are listed in reference 36, together with individual 
field and laboratory measurements; a fifth comes from reference 23. The empirical 
equations fork represented in Figure 50, are: 

Abels (1894) k- 0. 0068y2 cal/cm-sec-C 0 . 14<y< 0. 34 

Jansson (1901) k- 0. 00005 + 0. 0019y + 0. 006y4 0 . 08<y< 0. 5 

VanDusen (1929) 

Devaux ( 1933) 

k - 0. 00005 + 0. 001 Oy + 0. 0052y3 

k - 0. 00007 + 0. 007y2 

? 

O.l<y<0.6 

Kondrat • eva ( 1945) k - 0. 0085 y 2 (artificially compacted 0 . 3 5 < y 
snow) 

The desirability of new determinations of thermal conductivity of snow under well 
defined conditions is evident. The relative influence of the factors listed above should 
be further investigated. Grain size may influence conduction through the ice network 
(factor A) sufficiently to have to be taken into the conductivity equation. 

The reflection, absorption and scattering of radiant energy by snow will be discussed 
elsewhere. Here it is only mentioned that snow has an albedo (ratio of reflected to inci
dent intensity of visible radiation) range of above 0. 9 for clean new snow to about 0. 5 for 
clean melting old snow. Dry snow without crusts is an almost perfect diffuser in the 
visible range (ref. 14) and both dry and wet snow are essentially black bodies in the 
infrared. Dry snow is relatively highly transparent to radiation of some radar and radio 

frequencies. 
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SNOW AS A MATERIAL 

J . ELECTRICAL PROPER TIES OF SNOW 

by 

Daisuke Kuroiwa 

Snow can be considered to be a 11 mixed dielectric11 composed of air and ice. 
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(Wet snow is a three-component system of air, ice, and water.) As mentioned in 
previous Chapters A and B, the snow cover on the ground changes its internal structure 
with time. It is to be expected that the dielectric properties of snow will become very 
complicated because of the continuing metamorphism. Since the main part of the die lee
tric material of the snow is ice, a brief description of recent studies of the dielectric 
properties of ice are given first. Then, the dielectric properties of the deposited snow 
are described from the viewpoint of the 11 mixed dielectric, 11 bearing a close relation to 
its internal structure ; and finally the dielectric behavior of snow in the high frequency 
range is treated as one of the problems of radio and microwave engineering in snowy 
reg1ons. 

Dispersion of the dielectric constant of ice 

A great number of measurements have been conducted by various authors such as 
Wintsch (1932), Smyth and Hitchcock (1932) , Murphy (1934), Kuroiwa (1951), Auty and 
Cole (1952), Humbel, Jona, and Scherrer (1953) and Granicher (1957) since J. Errera 
made his first experiment on the frequency dependence of the dielectric constant of ice 
in 1924. The anomalous dispersion of the dielectric constant of ice in the audio region 
is expressed by the well knowh De bye formula for polar dielectrics. 

e:* - e:l-je:ll=e: + 00 

e: l(w) = 

e:l l(w) = 

e: + 00 

e:o-e: 00 
WT 

e: - e: 0 00 
l + jw T 

( 1 ) 

where e: * is the complex dielectric constant of ice, e: 1 and e: 11 are real and imaginary 
parts of e:>:<, respectively. e: 0 is called the 11 static dielectric constant11 or 11 d irect 
current dielectric constant11 and e: 00 is the 11 h igh-frequency dielectric constant11 or 
11 optical dielectric constant. 11 T is the relaxation time, w the angular frequency. These 
are important constants fundamental to die lee tries. 

The characteristic constants e: 0 , e: 00 and T can be determined approximately in the 
following way. If we eliminate w T from eq (1 ): 

e: -e: ) 2 (e: -e: 2 0 ?0 0 00) 
2 + e:ll2 = 2 . (2) 

This is an equation of a circle expressed by e: 1'and e: 11
• Consequently, if measured 

values of e: 1 and e: 11 are plotted for each frequency in rectangular coordinates, their 
loci will form a semi ci r cle of diameter {e: 0 - £ 00 ) with its center on the e: 1 -axis at the 
location of 1/ 2 · (e: 0 + e: 00) . This is the so-called 11 Cole-Cole11 circle. The typical Cole
Cole circles of various kinds of ice obtained by Auty and Cole (195 2) are shown in 
Figure J -1. The number shown at each point on the circles shows the frequency in kc ; 
frequency increases from right to left on the circles. The two intersections of indi
vidual semicircles with the e: 1 -axis gives e: 0 and e: 00 respectively. Curve (a) represents 
e:>'.c of ice which has cracks perpendicular to the direction of the applied electric field ; 
curve {b) that of ice which is completely pure, with no cracks and bubbles; 
curves (c) and (d) that of ice which is slightly contaminated with impurity, but 
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Figure J -1 . Complex dielectric constants 
of various kinds of ice (Auty and Col e, 1952). 

has neither cracks nor air bubbles. 
Designating (b) as giving the standard 
value of E:* of pure ice, and estimating 
E:o and E: 00 , one obtains E:o = 95 and 
E: 00 = 3. 2 . In case (a), where cracks exist 
in the interior of the specimen, £ 0 = 60 
and E:oo = 3 . 2 . In cases (c) ~nd (d), con
taminated ice, £o = 110, and £ 00 = 3 . 2. 
As shown in Figure J - 1, chemical impurity 
increased £ 0 to a value greater than that 
of pure ice. On the contrary, cracks and 
air bubbles diminished £ 0 to a val ue 
smaller than that of pure ice. (The influ
ence of chemical impurities on the die l ec -

• • 
tric constant of ice is remarkable. Smyth 
and Hitchcock (1932) found that it was 
increased by more than 20o/o when potas
sium chloride was added to the water in 
so small an amount as 15 mg to a liter of 

water. Hum bel et al. ( 19 53) also found that the dielectric constant of contaminated ice 
could reach the value of about l 000 at low frequency range while that of pure ice lay near 
90 . ) However, no influences of the contamination or cracks are observed in high-fre
quency dielectric constants obtained from extrapolation of the Cole - Cole circle . (This 
fact does not mean that the high frequency dielectric constant is not influenced at a ll by 
cracks or contamination, because the Col e-Cole circle is only an approximate method for 
obtaining £ 00 ) . 

The determination of r is as follows : as seen from eq ( 1), £ 11 takes a maximum 
value for the frequency wmax which satisfies wr = l. If the frequency which gives a 
maximum £ 11 on the frequency dependence curve is designated by Wmax• on~ obtains 
r = l /wmax· The anomalous dispersion of the dielectric constant of ice in the audio 
frequency range was explained by Granicher et al. (1957), assuming that the dipole 
orientation of water molecules in the ice crystalcan be achieved through lattice imper
fections . The relaxation time 7' is the time required for the dipol e orientation in an 1ce 
crystal, and is expressed by 

r = A exp (E /kT) (3) 

where A is the frequ$ncy factor due to lattice vibration 5 . 3 x l 0 1 6 sec, E the activation 
energyrequired for the orientation of dipole (=13 . 2 Kcal/mol~ k the Boltzmann constant, 
and T the absolute temperature, o K. -

Since the ice crystal belongs to the hexagonal system, an anisotropy of the dielectnc 
constant in the directions of the crystal axes is to be expected. According to the experi
mental si:udy of Humbel et al. (1953), the dielectric constant of a single crystal of ice in the 
direction parallel to c-axis was about 1 Oo/o higher than that in the direction perpendicular 
to the c -axis, but the anisotropy was lost with decreasing temperature. (At a tempera
ture below - 90C, it became isotropic.) 

As shown in Figure J -1, E: 00 , the high - frequency or the optical dielectric constant, 
is 3 . 2 . This value does not agree with the square of the optical index of refraction of 
ice ( l. 31 2 = l. 72). Recently the measurement of £ 00 of ice was extended to l. 25 t"V3 . 2 em 
wavelength by Lamb and Turney (1949) and Cumming (1952); however its value still 
remains at 3. 18. 

Dielectric properties of snow in the audiofrequency range. 

Cole-Cole circle of E:* of snow. In order to measure the dielectric constant of 
snow, a block cut from naturally compacted snow was placed tightly in a condenser box 
as a dielectric between electrodes. The measured values of E:* for various kinds of 
snow are given in Figure J -2 . Curve l, Figure J -2a shows how rapidly the 'dielectric 
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E' 
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constant of wet snow increases with diminishing frequency, which must be ascribed 
chiefly to the increase of ionic conductivity due to the presence of liquid water . e: 0 and 
e:~ of wet snow (obtained from extrapolation of the Cole-Cole plot) are 33 and 4 respec
tively. After finishing the first measurement, the same specimen was placed in a cold 
room and the second measurement was carried out aLa temperature of -9. OC (Fig. J- 2 a , 
curve II). Here we get e: 0 = 2 6 and e:~ = 1. 8. The difference in e: 610 between wet snow 
and dry snow must also arise from the presence of liquid water in wet snow. In fact, the 
dielectric constant of water remains about 80 up to microwave r ange, whereas in the case 
of ice the dispersion occu r s in the audiofreq uency range . F igur e J - 2b shows e: >:c of "pure 
snow, 11 a very loose assemblage of hoar frost crystals which was carefully prepared in a 
cold room, without any contamination being introduced. As is expected, e: >:c of pure snow 
forms a complete semici r cle . Figure J-2c and J-2d represent the e:*-curves of granular 
and compact snow, respectively, immediately after the snow was packed into the condenser 
(curve I) and about half a day late r (curve II). Although the temperat ure of snow and 
macroscopic density were constant in both cases, the dielectric constant increased with 
the elapsed time. e: 0 , obtained from extrapolation of the Cole-Cole circle, increased 

\ 
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from 13 to 17 in granular snow, and from 13 . 5 to 17 in compact snow. However, no 
change of Eee was obsertred in either case. T~e time .depen.dence of the dielectric con
stant of snow is explained by the fact that the 1ce part1cles m snow become more and 
more coherent as time elapses, being connected by ice bonds formed mainly through 
sintering processes. Adhesion between snow particles and electrodes also will incr~ase 
with time, with a resultant increase in static die lee tric constant of snow. (The deta1led 
explanation will be given later. ) 

Wiener's theory for the mixture of dielectrics. The snow, conside r ed to be a 
"mixture of dielectrics, ' ' consists of two media - ice and air. In general, the mean 
electric field E of the mixture is given by the following relationships 

E = pE1 + (1 - p )E 2 , 

EE = E1pE1 + £ 2(1 - p)Ez 
} (4) 

where E
1 

and E 2 are the mean electric fields of the media 1 and 2 , .respec.tively, £ is 
the resultant dielectric constant of the mixture, £ 1 and £ 2 are the d1electnc constants of 
each component medium, and E. i s the proportion of the volume occupied by medium 1 to 
the total volume. 

or 

Putting E 1 /E2 = U = Ez + u /£ 1 + u, we obtain 

£-1 _ p(E l - l) 
£ +u £ 1 + u 

+ (1 -p)(£ 2 -1) 
Ez + u 

(5) 

This is Wiener 1 s equation for the mixture of dielectrics. The resultant dielectric con
stant of the mixture is not only a function of E.• but also depends on the parameters U or 
u: The magnitude of u, the so-called "form number'' (Formzhal in German), is closely 
related to the str ucture of the dielect r ic mixture. If medium 1 is dispersed in medium 2 
with a small volume concentration p, u is determined only by the shape of dispersoid 1. 
To determine how u varies with an arbitrarily varying shape of the dispersoid is a diffi
cult problem, but we can grasp the idea of the physical meaning of u from the following 
considerations: Assume that the shape of the dispersoid particle is-cylindrical. Then, 
if the cylinders were arranged between the two electrodes of a condenser with their axes 
parallel to the direction of the applied field, u would be infinitely large, since, in this 
case, the resultant dielect~ic constant £ of the mixture comes out to be 

£ = p £ 1 + (1 - p ) Ez ( u = oo) ( 6) 

which, as is to be expected, gives the average value of the two dielectric constants, and 
expresses the maximum value attainable for the resultant dielectric constant of the mix
ture with given concentration. If the shape of the dispersoid particle is spherical, u = 2. 
If the dispersoid consists of thin plates with their planes perpendicular to the direction of 
the applied field, u = 0, and 

£ - £ 1 Ez 

- f. 1 ( 1 - P) t £ zP (u = 0) {7) 

which is the minimum possible value of £. 

If we assume an equivalent circuit for these snow condensers, eq 6 and 7 mean a 
parallel connection and a series connection of the ice condensers and the air condensers, 
respectively. 

According to these considerations, increase of form number u implies the increase 
of lengthwise arrangement of the dispersoid in the direction of the-applied field. 
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Static and high frequency dielectric constants of the natural snow as a function 
of p.In Fig.ureJ-3, Eo and e: 00 of various kinds of snow are plotted against p, the ratio 
of the density of snow to that of ice: p gives the proportion occupied by ice particles 
in a un1t volume of snow. All the data were obtained immediately after the sno\o.. \o..as 
placed m the condenser. It is seen that the values of both e: 0 and e: 00 show a general 
tendency to increase with increasing p, being scattered v.·ithin a narrow band, as indi
cated in the figure. Curves (a}, (b), (c), (d) and (e) represent the relationship between 
Eo and E. calculated from eq 5, using values of u = 0, 2, 10, 25, and oo, respectively. 
(In this calculation, e: 1 - 80 for ice, and e: 2 = 1. 0007 for air ""'ere used.) The observed 
values of e: 0 of natural snow were dispersed between (c) and (d), implying that their 
form number ranged from 10 to 25 The observed values for e: 00 were scattered close 
to curve (b'} calculated by using u = oo, e: 1 = 3. 2 for ice, and e: 2 = 1. 0007 for air . The 
form number for e:

00 
came in the range 2. 5 to 10. Curve (a'} illustrates the minimum 

value of e: 00 calculated as u = 0. The black circles indicated in Figure J- 3 represent the 
Cumming's results (1952} for the wavelength of 3. 2 em. A good agreement is found 
between e: obtained from extrapolation of the Cole-Cole circle and that measured 
directly b~ microwave techmques. Three arrangements of the dispersoid for the cases 
of u = oo, 2 and 0 are shown schematically in the lower right corner of Figure J-3. 

Variations of E ~~ and electrical conductivity of snow due to ice bonding. The ice 
particles in deposited snow oecome more and more coherent as time elapses, being 
connected by ice bonds; this has a great influence upon the dielectric properties of snow. 
Curves (c) and (d) in Figure J-2 show this effect but the following experiment demon
strates this phenomenon more clearly. 

A block of compact snow was pulverized to powder to break up the ice bonds, and 
then was packed to an average density of 0. 4:5 g/cm3 in the condenser. The temperature 
was kept constant al -3. OC. The observed variations of e 1 and e:" with frequency are 
illustrated in Figure J-4a, the lapse of time after the first 1neasurement being taken as 
the parameter. Figure J -4b gives the corresponding Cole -Cole diagram for e: •!<. e:0 
obtained through extrapolation is found to increase from 15. 5 to 34 as time elapses, 
while e:00 remains constant. The form number u, as indicated in this figure, also 
increases with time from t.: = 20.9 to 263, which-implies that the ice bonds were pro
gressively formed between icc particles and likewise between the electrode and ice 
particles. The mutual cohesion of ice crystals is at first only insignificant, but as 
time goes on ice bonds begin to grow, so that th~ crystals are eventually linked together. 
Figure J-5 shows the variation of apparent electncal conductivity Ka-c of the same 
specimen as a function of time. Kar c of snow increased \....-ith time, though the elec
trical conductivity of ice itself does not change with time. Such an aging effect on Ka- c 
of sno\o..· must be explained by shortening of electrical paths due to the ice bonding. 
Schematic diagrams of ice bonding taking place in the snow condenser are shown in 
F1gure J- 5. Ice bonding under the constant temperature is achieved mainly through 
sintering processes described by Kingery (1960) and Kuroi\o..a (1961). 

Dielectric aftereffect and direct-current conductivity of snow. It is easily under
standable that many difficult1es in measuring d-e conductivity \<.:ill anse from the 
complexity of its internal structure. In addition, nataral snow conta1ns chemical 
impunt1es; for instance, the follO\\ ing chlorine ion content can be observed in 1 liter 
of melted snow: several hundred milligrams near the sea coast, several tens of 
milligrams in an urban district and a few rrilligrams \\ell inland. The chemical 
impurities greatly 1nfluence the d-e conductivity of snO\\. When a d-e voltage is abruptly 
applied to a condenser filled with a dielectric, the total current!_ passing through the 
condenser, in general, can be written in the following form: 

(8) 

where I 0 lS an instantaneous current, It a t:me-dependent current, and Id a time 
independent current or d-e conduction current. At the moment of application of the d-e 
potential, 10 flO\\ s as a result of instantaneous displacement of interatomic electric 
charges, then It follO\\ s immediately, indicating an exponential decrease \\ ith lapse of 



70 SNOW AS A MATERIAL 

106 
e.s.u. 

-3.0°C 

P= 0.45 g/cm' 

I~ 

113hr. 
.; 70hr. 

ICE-BONDING IMMEDIATELY 
AFTER PACKING 

time. (The time required for .!t to drop 
to 1 I e of its initial value is the relaxation 
time 'T = 1 lwmax, where 'G.>max is an 
angular frequency which gives the maxi
mum value of dielectric Joss .) After a 
certain period, It approaches a time
independent current .!d given by a true 
resistivity or d-e resistance of the 
dielectrics. These phenomena are 

0 
:..: 

104 

ot~r. 

ICE-BONDING AFTER 
143 HOURS 

-Figure J- 5 . Variation of apparent e~ec
trical conductivity, Ka·-c' of snow w1th 

tlme. 

called dielectric aftereffect. If the 
material is pure and has a single relax
ation mechanism, .!d or d-e conductivity 
can easi.ly be measured. On the con
trary, if the material is impure ·and has 
a complex relaxation mechanism like a 
snow, discrimination between_!t and_!d 
becomes very difficult because of ionic 
conduction due to chemical impurities . 

A snow block cut out from the bottom 
layer of snow cover deposited in an urban 

district was used as a spec1men. Its density was 0 . 4 g I cm3. The initial currents are 
shown in Figure J- 6. Figure J- 6 a illustrates the time dependency of I as a function 
of the applied voltages at constant temperature -l2C. Since it was impossible to deter 
mine .!o and .!t accurately for times shorter than 2 x 1 o-3 sec, part of the curve is shown 
by dotted lines. The observation of .!t was continued for 5 min after application of the 
voltage but the decrease of It still continued. The inserted graphs, d, show the decrease 
of It at 5"10-3 sec, 5·10-2 sec, 5'10-1 sec, 5 sec and 5 min against the applied voltages. 
Figure J-6b represents the records of_!t vs time for different temperatures at constant 
applied voltage 290 v. As will be seen in curves a, b, c, and d, .!t decreases remarkably 
with decreasing temperature, implying that d-e conductivity of snow strongly depends on 
the space charge polarization. In both experiments, therefore, it was very difficult to 
determine the time-independent current Id. But, if we define It as the current at 5 min 
after the d - e voltage application, the d-e resistivity of this SnOW COmeS OUt to be 4. 28 X 

109 ohm· em - 1 (at -12C ). The behavior of the space charges in natural snow containing 
some chemical impu-rities is demonstrated more concretely by the following experiment. 

As shown in Figure J-7, two probe electrodes ..:!J. and T2 were inserted into the snow 
condenser. T 1 was located at: 115 the distance between the two electrodes of the condenser, 
T 2 at the center position between them. A potential of 300 v was applied to the snow con
denser, and the voltage change with time between probes and outer electrodes was 
measured by an electrometer. Curves T 1 , T 2 represent the voltage change of the probes 
T 1 and !z, respectively. The potential T 1 increased with increasing time, but that of 
Iz was kept constant. Acco~ding to Joff~ (1928) , the change of voltage of the probe T 1 
is explained by the migration of the space charges with time. Siksna (1957) measured 
the d-e conductivity of snow using sandwich electrodes and observed a similar phenomenon. 
A reasonable explanation has not yet been given for the mechanism of the space charge 
migration in snow; however, the following mechanism may be proposed for the electrical 
conductivity of snow. As was pointed out by Murphy and Lowry (1930), electrical con
duction in solid dielectrics composed of microscopic cellular structures is achieved 
through a thin liquidlike film which can be considered to exist on the interfacial surfaces, 
where many ions are absorbed as shown schematically in Figure J-8. After the application 
of the electric field, these ions can move towards the applied fiel d and cause polarization. 
Nakaya and Matsumoto (1953) suggested the existence of liquid water film on the ice 
surface even at temperatures below OC . In the case of snow, the liquid film can be 
considered to be a liquid solution film containing some chemical impurities. Its thickness 
will increase with increasing temperature. At higher temperature, the increase of free~y 
movable ions results in the increase of t he electrical conduction of snow. In fact, snow 
particles are connected by ice bonds. The space charges can be transferred through long 



Figure J-6. Time dependence of direct current flowing through a snow condenser. 
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(Asami and Kurobe, 1949). 

electrical paths formed by ice bonds. In Figure J-8, curves (a) and (b) represent the 
temperature dependence of the thickness of the solution film existing on the ice sphere 
surfaces. Approximate calculations were performed by assuming that: l) 30 mg of 
NaC l are contained in one kilogram of snow, 2) snow is made of pure ice spheres 
having diameters of 0 . 5 mm and l mm, respectively, 3) each particle is covered with 
a concentrated NaC 1 solution in equilibrium with ice at a given temperature. The 
thickness of the solution film increases with increasing temperature: this fact may 
explain the temperature dependence of the electrical conductivity of snow. 

Dielectric properties of snow in the high-frequency range - in relation to radio and 
microwave communication problems in a snowy district 

Dielectric constant of wet snow. Since the dielectric constant of water is much 
larger than that of ice at high frequency (from l to l 04 megacycles), namely about 80 
for the former and 3. 2 for the latter, it is to be anticipated that E 00 of wet snow must 
increase in proportion to its free water content. The presence of even a small amount 
of liquid water will be of great importance for the dielectric behavior of snow. In 

/ 

Figure J-9, the difference ~E between the high frequency dielectric constant of wet snow 
and that of dry snow is plotted against free water content. Wet snow having a density 
of about 0. 5 g cm3 was used in testing. The observed curve (a) does not pass through 
the origin of the coordinates, that is, ~E remains finite, even when free water content is 
measured as zero . (This arose from the fact that the centrifugal separato r was incapable 
of separating free water completely. ) A true relationship between ~E and water content 
should be express e d by curve (b). The dielectric constant of dry snow having a density of 
0. 5 g cm3, for e x ample, is found to be 2. 4 (Fig. J-3). If this snow becomes wet until it 
contains 2 0o/o water, its dielectric constant will become 2 . 4 + l. 8 = 4. 2 . Figure J - 1 0 
shows another experiment co nee rning the dete r mination of the d ielectric constant of wet 
snow by the inte r fe r ence of an elect r omagne tic wave. An electr omagnetic wave hav ing 
a 9 em wavelength was emitted hor i zontally from a transmitter and projected by a me 
tallic reflector onto the sur face of snow packed in a shallow box. Part of the incident 
wave is reflected at the snow surface, and another part is refracted into the snow and 
then reflected again at the base of the snow. R eflected and r efracted waves combine t o 
make an interfe r ence image on the r eceiver placed opposite the transmitte r. W hen wate r 
was pour ed onto the snow surface, the signal received by the r ece i ver changed as 
a function of the q uantity of water. The dielectric constant of the snow increased with 
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increasing water content. The change of the die l ectric constant of snow corresponds to 
the apparent increase of the thickness of snow. Therefore, it can be assumed that the 
following relations are satisfied between wavelength ~, thickness of snow d, and £: 

d.Je /~ = 3 / 4, d.Je/~ = 1, and d~e/'A = 1; at the points a, b, and con the curve . One can 
easily calculate the diel ectric constant of wet snow from these relations . 

e = 2. 3 (at a, no water poured) 
e- 4. 0 (at b, 1. 5 liters of water poured) 
e - 6. 0 (at c, 3. 0 liters of water poured) 

Loss factor , tan o, of snow at high frequency range and absorption of the electro
magnetic waves by snow. The loss factor, tan o, of snow is needed in radio communi
cations in a snowy district. In Figure J -11, values of tan 6 obtained by various authors 
for snow of 0. 3 g/cm3 are plotted in the frequency range between 105 cps and 101 0 cps 
(1 00 kc and 10 gc*) . Unfortunately, observed data are lacking in the frequency range 
between 107 and 8 x 109 cps (1 0 me and 8 gc). There is no reason, however, to suppose 
that the frequency dependence of tan 6 in these ranges is not monotonic, so that the 
value of tan o can be estimated from a dotted line if required. As is expected from 
previous sections, tan o of snow is greatly influenced by a free water content . Typical 
data measured at 9 . 37 gc are given as a function of the free water content in Figure J- 11. 
Black circles represent the values of tan o for ice obtained by various authors. No good 
agreement of the observed data is seen at the frequency of 1010 cps. 

If the initial amplitude of the electromagnetic wave projected vertically onto the 
snow surface is expressed by I 0 (at x = 0) and that reached at a certain depth from the 
surface by I (at x = x ) , I is given by 

X X 

( 2 iTX ) 
Ix = I 0 exp 'A a (9) 

where 

a= 
£' 

2 
( ,J 1 + tan2 o - 1 ) ; 

~, the wavelength; e', the dielectric constant of snow. Using eq 9, the ratio Ix/I 0 can 
be calculated as follows : 

Depth 

1m 
2 m 

I /1 0 (for 1 me) 
X 

0.999 
0.985 

I /I 0 (for 5 me) 
X 

0.985 
0.9 70 

at -4 . OC 

Decrease of radiation power from high-frequency antenna due to icing or snow 
accretion. A common problem in snowy districts is snow accretion or icing on 
antennas. As mentioned above, the absorption of the electromagnetic wave in snow due 
to dielectric loss can be considered to be negligibly small, so long a·s the snow does not 
begin to melt. In order to study this problem, Asami and K urobe (1949) made this 
laboratory ... 'xperiment: A dipole antenna was enclosed in a gl ass tube , and snow was 
packed in it to create a situation analogous to natural snow accretion . A wavelength of 
9 em was used. When the air temperature was kept bel ow OC and the snow was main
tained in a dry condition, no effect was observed, but when the antenna was placed in a 
warm room kept at + l6C, a remarkable decrease of radiation took place with elapsed 
time . In Figure J-12a, curve I shows the decrease of receiver current with increasing 
time. The snow begins melting at the contact surf'ace with the inside wall of the glass 
tube . Since water content of the snow should increase with time , it is quite natural to 
assume that the decrease of radiation of an electromagnetic wave can be attributed to 
the increase of free water content of snow. The same experiment was conducted using 
an iced antenna. When the surface of ice which covered the dipole antenna began to 
melt, the radiation power greatly decreased as shown in Figure J -12, curve II. Figure J -12b 
illustrates another experiment for an electromagnetic wave of 100 em wavelength. 
In this case, only a slight decrease in radiation was observed at the melting point, though 

*gigacycle 



c 
D 
~ 

SNOW AS A MATERIAL 

1.0 1 ----.,-------r-----.--------.-----r-- -----. 

" 

• Ton 6 FOR ICE (AT - 12 .0°C) 
o Ton & FOR SNOW .f' • 0.3 ( AT -12.0°C) 
t> Ton ti FOR SNOW .f' • 0.3 (AT- 4.0°C) 
x Ton & FOR SNOW .f' =0.3 (AT -22 O"c) 

(CUMMING) 

4 
9 JT11 to• cps « o•c 

0 0.4 0.8 1.2 I 6 'If. 
WATER CON TENT ( 8Y WEIGHT) 

~CUMMING 

.,_-M. I .T. 

1~4 ~--------~=-----------~----------~----------~----------~--------__J 
10

5 
101 10 7 101 10' 1010 1011 

FREQUENCY CYCLE I SEC. 

Figure J - 11 . Tan o of snow at frequency range 105 - 1 Ql o cps . 
All values not otherwise marked were obtained by the author . 

75 

the surface of ice was covered with melted water . In above - mentioned experiments, 
the decrease of receiver current takes place mainly as a result of an impedance mis 
matching of the antenna and diel ectric losses due to wet snow accretion or icing . When 
a complete matching of impedance was applied for the antenna , no decrease of radiation 
power was observed. From this fact, the inference can be drawn that the decrease of 
radiation of the electromagnetic waves must be attributed more to the impedance mis
matching of antenna circuit than to the dielectric loss due to snow or ice . 

Deflection of a beam of electromagnetic waves emitted from an iced feedhorn. 
Microwave radiation is transmitted as a straight beam from a feedhorn . It is very 
important for microwave communication in snowy districts to know how much deflection 
of an emitted beam occurs as a result of icing or snow accretion on the feedhorn. In 
order to obtain some information about scattering of the beam under these conditions, 
mic r owave radiation of 12 em wavelength was transmitted from a feedhorn having the 
dimensions shown in Figure J-13. A detector was fixed at a distance of 60 em from the 
feedhorn, and the strength of the electric field emitted from the feedhorn was measured. 
The feedhorn could be rotated horizontally around a vertical axis to measu r e the dis 
tribution of the field strength of a scat tered beam as a function of the angle of rotation . 
The typical distribution curves of a scattered beam are illustrated in Figure J -13. Curve 
(a) represents a normal distribution curve of the emitted beam from a non - iced feedhorn . 
When the horizontal axis of a feedhorn was directed toward the detector {in this case, 
angl e = oo ), t he strength of the electric field reached a maximum value ; when the feed 
ho r n was rotated around a vertical axis , the detector gave a sharp symmetrical distri
bution curve from side to side. Curves (b) through {f) illustrate the change in the 
d i stribution curve of the scattered beam emitted from the feedhorn when the snow block 
was attached in various ways to its inside surface . Curves {g) through (j) represent 
the cases where the snow blocks of var ious shapes were attached to the outside of the 
fee dhorn . All experiments were carried out with wet snow. D r y snow kept below OC 
showed no influence on the transmiss i on of a 12 em wave . Figure J-9 suggests that wet 
snow accretion of irregular shape on the feedhorn greatly disturbs the direction of the 
emitted beam. Uniform snow accretion, e. g . {f ) and (g), however, does not deflect the 
beam significantly. 



76 

400 

300 
0 
::t -
1-
z 
UJ 
a: 
a: 
::::> 
u 

200 a: 
UJ 
> 
UJ 
u 
UJ 
a: 

100 

0 

700 

600 -0 

::t -
1-
z 

500 UJ 
a: 
a: 
::::> 
u 
a: 
UJ 400 > 
UJ 
u 
UJ 
a: 

300 

200 
0 

--- n .... ..... 
....... 

... ,/c 
... ~ 

...... , 

SNOW AS A MATERJAL 

... ,, 
' ' 

(a) 

' ' ' ' ' ' ' ' ' ' \ 
\ 

\ 
\ 

lfz.s '\ 
---

1
rcM , 

ICE ,, 
' ' 

'- ltCM _I r-- ~SNOW 

' ' ' 

· ·· · .. .. . ... ··· ·· . .. .. . . 2CM ............. .... · .................... ·.··.···u 
~}~ :::.:: ·::~;:: .:·::·. ~·~:: :::-: :· _: ::::: :·;:-.:·~~ : 

DOUBLET ANTENNA 

FOR 9CM WAVELENGTH 

RECEIVER 

fLO 
ICED ANTENNA ....... 

...... 
FOR 9CM WAVELENGTH ...... ...... 

2 4 6 8 10 

TIME (MIN) 

(b) 

r 29C~ 

( .. ) ~.sc 
1cE 

"" 
DOUBLET ANTENNA COVERED WITH ICE 

(FOR 100 CM WAVELENGTH) 

2 4 6 8 10 

TIME (MIN) 

Figure J -1 2. Decrease of receiver current due to snow accretion 
or 1cmg. (Asami and Kurobe, 1949). 



(o) 

40° 20° 0 20° 400 

1i 
NO SNOW 

( f ) 

-* 'li' , _1.5 CM 

(b) 

7 CM 

~~ 

SNO~ 
(9} 

SNOW 

SNOW AS A MATERIAL 

DETECTOR 

[0 
60 CM --------..;.-.Jl 

(c) (d) (.) 

7CM __,~M 2CM 

~~ 

lf ~ 
( h) • 

( t ) ( j ) 

Figure J - 13. Scattering of a 12 em wave due to snow accretion on a feedhorn 
(Matsukawa and Kobayashi, 1955}. 

77 



78 SNOW AS A MA TERlAL 

REFERENCES - Chapter J . 

Asami, Y. (1958} Microwave propagation in snowy districtst. Research Institute of 
Applied Electricity of Hokkaido University, Monograph no . 6, (text in English}. 

and Kurobe, T . (1949} K okusho tan a antena ni o obosu uki. kori no 
eikyo The effects of snow and ice on the antenna at ultra hi h fre uencies , 
Mem. Faculty Eng. Hokkaido University, 8, no. 2 text in Japanese}, 
p.123-132. 

Auty, R. P . and Cole , R.H . (1952) Dielectric properties of ice and solid D 20, Journal 
of Chemical Physics, val. 20, p. 1309-1314. 

Cole, K. S . and Cole, R. H. (1941} Dispersion and absorption in dielectrics , Journal 
of Chemical Physics, vol. 9, p . 341-351 . 

Cumming, W. A. (1952} The dielectric properties of ice and snow at 3 . 2 em, Journal 
of Applied Physics, val. 23, p . 768-773 . 

Errera, M. J. ( 1924} La dispersj.on des andes hertziennes dans les solides au voisinage 
du point de fusion (Dispersion o.l Hertzian waves in solids near the melting 
point), Journal of Physical Radi11m, 5, p. 3 04-311. 

Gr~nicher, H. ; Jaccard, C .; Scherrer, P.; and Steinemann, A . 
relaxation and the electrical ccnduc tivity of ice crystals, 
Society, no . 23, p. 50-62. 

(1957) Dielectric 
Discussions Faraday 

Granier, J. (19 24) Absor tion des andes electroma neti 
of electroma netic waves by ice , Academie des 
Rendues, val 179, p. 1313 - 1316 . 

ar la glace (Absorption 
sciences (Paris), Comptes 

Humbe1, F . ; Jon a, F. ; and Scherrer, P. ( 19 53) AtLisotropie der Dielektrizitatskons tante 
des Eises (Anisotropy of the dielectric constant of ice) Helvetica Physica Acta, 
vol. 26, p. 17-32 . 

Joffe, A. F . (1927) The physics of crystals. New York: McGraw - Hill, liV. 

Kingery, W . D . , (1960) Regelation, surface diffusion, and ice sintering, Journal of 
Applied Physics, val. 31, p . 833-838 . 

Kuroiwa, D. (1961) A study of ice sintering, Tellus, vol. 13, p . 253-259. 

(1951) Tekisetsu no yudenteki seishitsu (The dielectric behavior of snow 
cover), Low Temperature Science, vol. 8, p. 1 - 57, (text in Japanese) . 

Lamb, L. and Turney, A. (1949) The dielectric properties of ice at 1 . 2 5 em wave
length, Proceedings of the Physical Society of London, vol. 62B, p. 2 72 -2 73. 

Matsukawa, K., and Kobayashi, S . (1955) Effects of snow on ultra hi 
wave, Studies on fallen snow, no. 5, tex.t in Japanese . 

Murphy, E. J. (1934) The temperature dependence of relaxation time of polarizations 
m 1ce, Electrochemical Society, Transactions, vol. 65, p . 133-142. 

and Lowry, H. H. (1930) The complex nature of dielectric absorption 
and die lee tric loss, Journal of Physical C hem is try, vol. 34, p. 598. 

Nakaya, U. and Matsumoto, A . (1954) Simple experiment showing existence of "a 
liquid water " film on the ice surface, Journal of Colloid Science, vol. 9, no. 1, 
p. 41-49. 

Saxton, J. A . (1950) Reflection coefficient of snow and ice at V.H.F., Wireless 
Engineering, p . 17- 2 5. 

Siksna, R. (1957) Conduction of electricity through ice and snow I., Discharge of a 
condenser through ice crystals, Arkiv f~r Fysik, vol. 11, p. 495-510. 



SNOW AS A MATERIAL 79 

REFERENCES - Chapter J. (Cont 1d) 

Smyth, C. P. , and Hitchcock, C . S. { 19 32) D1po1e rotation in crystalline solids, 
Journal of A me r ic an Chemical Society, vol. 54, p. 4631-464 7 . 

Wintsch, H. {193 2 ) LJber Dielektrizit:ttskonstante, Widerstand und Phasen\dnkel des 
Eises 1 {Dielectric constant, res~s tance 1 and phase angle of ice). He 1 vetica 
Physica Acta, vol. 5, p. 126 - 14..1. 


