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PREFACE

This monograph summarizes available information on the
properties of snow. ...

This monograph has been reviewed and approved by Headquarters,
U. S. Army Materiel Command.
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EDITOR'S FOREWORD

"Cold Regions Science and Engineering" consists of a series of
monographs summarizing existing knowledge and providing references
for the use of professional engineers responsible for design and construc
tion in Cold Regions, defined as those areas of the earth where frost is
an essential consideration in engineering.

Sections, of. the work are being published as they become .ready, not
necessarily, in numerical order, but fitting into this plan:

I. Environment :"

A. General

1. Geology and physiography
2. Perennially frozen ground (permafrost)
3. Climatology

B. Regional

1. The Antarctic ice sheet

2. The Greenland; ice sheet

II. Physical Science

A. Geophysics

1. Heat exchange at the earth's surface
2. Exploratory geophysics

B. The physics and mechanics of snow as a material

C. The physics and mechanics of ice

1. Snow and ice on the earth's surface

2. Ice as a material

D. The physics and mechanics of frozen ground

III. Engineering

A. Snow engineering

1. Engineering properties
2. Construction

3. Technology
4. Oversnow transport

B. Ice engineering

C. Frozen ground engineering

D. General

IV. Miscellaneous

F. J. SANGER



PROPERTIES OF SNOW

by

Malcolm Mellor

CHAPTER I. FORMATION AND COMPOSITION OF SNOW

Formation, deposition and metamorphism

Snow originates in clouds at temperatures below the freezing point. As moist air
rises, expands, and cools, water vapor condenses on minute nuclei to form cloud
droplets of the order of 10 \x radius. The condensation nuclei involved in droplet for
mation may be introduced'from oceanic salts, terrestrial dust or combustion gases, or
they may be of atmospheric origin. Cloud droplets are more than an order of magni
tude smaller than typical raindrops, and they are incapable of falling through
unsaturated air without evaporating.

When cooled below 0C, such small droplets do not necessarily freeze, since their
large specific surface (high surface/volume ratio) gives a peculiar ability to supercool.
In the atmosphere, supercooled droplets commonly exist down to -20C, and occasionally
down to -35C. In the laboratory, micron-size drops of very pure water can be cooled
to -40C without freezing (Fig. 1-1). The ice nuclei which stimulate freezing of super
cooled droplets in a cloud seem to be mainly clay minerals from terrestrial dust, and
they apparently become increasingly effective as the temperature decreases.

Once a droplet has frozen it grows quickly at the expense of the remaining water
droplets, because of the difference in saturation vapor pressures for ice and water.
The form of the initial ice crystal (columnar, platelike, dendritic) depends on the tem
perature at formation, but subsequent growth and structural detail depend also on the
degree of supersaturation. Figure 1-2.gives Mason's scheme for the influence of tem
perature and supersaturation on crystal form. The sensitivity of initial crystal form to
formation temperature may result from the temperature dependence of molecular
surface diffusion to the growth faces, an effect which apparently decreases in signifi
cance as the crystal grows. After formation, subsequent growth takes place at the
crystal faces as a result of diffusion and condensation, perhaps under changing conditions
of temperature and supersaturation since the snow particle begins to fall when it reaches
sufficient size. Table I-I gives some observations on the predominant crystal types
found in various cloud types, and Table I-II gives some typical dimensions and fall
velocities for snow crystals.

During its fall to earth, a snow crystal may undergo considerable change. Variation
of temperature and humidity with altitude leads to changes in growth rate and form, and
there may even be evaporation or melting of the crystal. Particles may be "recycled"
through some layers by turbulence in the air and, during windy conditions at the surface,
fragmentation of the.more delicate crystal types often occurs.

The character of the surface deposit after a snowfall depends on the form of the
crystals and on the weather conditions during deposition. When there is no appreciable
wind, dry stellar crystals (which commonly aggregate into large snowflakes) settle as
a soft, fluffy mass whose density is generally less than 0. 1 g/cm3. Very small crystals
of simple prismatic form, on the other hand, settle to relatively high initial densities
(say 0.2 g/cm3) for obvious geometrical reasons. Snow deposited in wind-free weather
has a smooth surface. When a snowfall is accompanied by strong winds, crystals are
broken into fragments favorable for close packing, and the surface of the deposited snow
is mechanically agitated by wind shear and by the impact of bounding particles. This
produces high initial density, commonly greater than 0. 3 g/cm3, and also leads to the
formation of snow dunes and sastrugi on the surface..

After deposition, snow may be dissipated by melting and evaporation or it may
persist for long periods. If it persists, it will undergo metamorphism, changing its
grain texture and structure and eventually turning into hard, impermeable ice if it
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Figure 1-1. Relationship between median
freezing temperature and droplet size:
(A) data for highly pure water, compiled
by Mason; (B) and (C) data for droplets
containing, foreign nuclei, by Bigg (B)
and by Dorsch and Hacker, and Levine (G).

(References 12-14, 21, 22)*

TEMPERATURE,C

Figure 1-2. Mason's scheme'for the variation of .crystal form r
with temperature and. supersaturation, relative to flat ice sur

face at time of. formation.

^References are listed after each chapter.
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Layei

Lower

tropo
sphere

Middle

tropo
sphere

Upper
tropo
sphere

Table I-I. Crystal types found in
(After Weickmann,

Cloud type

Nimbo stratus,

stratocumulus,

stratus

Altostratus,

altocumulus

Isolated

cirrus

Cirrostratus

Temp range

0 to. -15C

15 to -30C

Lower than

-30C

various types of clouds,
ref. 18)

Predominant

crystal form

Thin hexagonal
plates

Stellar dendritic

crystals

Thick hexagonal
plates

Prismatic col

umns, single
prisms and twins

Clusters of pris
matic columns,

(with cavities)

Single hollow
prisms

Single complete
prisms, thick
plate crystals

Approx. crystal
dimensions

50 |jl to 0. 5 mm
diam, 10 to 20 (j.

thick

0. 5 to 5 mm diam

200 |jl diam

200 (jl long

1 mm diam

0. 5 mm long

100 n long

Table I-II. Crystal dimensions and fall velocities
for various types of snow. (After Mason, ref. 14)

Snow type

Needle

Plane dendrite

Spatial dendrite
Powder snow

Rimed crystals
G r aupel

Crystal diameter
(mm) ;

1. 5

3.0

:4. 0

•2.0

2. 5

'2. 0

Crystal mass

(mg)

0.004

0.04

0. 15

0. 06 .

0. 18

0.-80

Fall velocity
(cm/ sec)

5,0

30

60

50

100

180

is part of a perennial snow deposit. The mechanics and thermodynamics of snow meta
morphism, and their dependence on environmental factors, are rather involved; these
natural processes are discussed elsewhere?'3 and it will suffice here to mention the
major factors contributing to the transformation of show to ice.""

The most drastic changes in snow condition are brought about-by melting and re-
freezing. With moderate melting, much of the resulting free water may be retained in
place by surface tension, so that subsequent refreezing can provide strong ice bonds
between grains. If melting is more intense/ free water will percolate down through the
snow, refreezing when it reaches colder layers to form ice lenses.

♦ When snow has been compacted to the stage where it becomes impermeable to air, it
is termed ice. In cold, dry snow the transition from permeable snow to impermeable
ice occurs at a density of about 0. 8 g/cm3 .
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In subfreezmg temperatures, ice grains change their shape and size, and inter-
granular bonds develop by sublimation and by molecular diffusion in the ice. Sublimation
occurs when differences in vapor pressure exist; the vapor pressure differences arise
from changes in temperature and grain surface curvature from place to place in the
snow mass. Variations in surface curvature on the constituent ice grains also lead to
surface diffusion of molecules, since such variations represent energy gradients. It
also appears that bulk diffusion within the ice crystals contributes to the transfer of
•ma o emass,

In subsurface layers of a snow mass, there is an overburden pressure produced by
the weight of more recently deposited material. Compactive deformation takes place
and the density of the snow gradually increases. Under the relatively low pressures de
veloped in a snowpack (atleast in the uppermost 10 m), the deformation is of a viscous
nature, with strain rate proportional to stress, and also dependent on temperature.
Since overburden forces are transmitted through the ice grains and their connecting
bonds, the crystals are stressed, and it seems likely that this will affect the rate of
metamorphism by the molecular transfer processes mentioned above.
Impurities in snow

Chemical impurities and mineral inclusions. Snow acquires small amounts of chemi
cal impurities and mineral inclusions during formation and growth of..the crystals. The
usual sources are gases and aerosols introduced to the atmosphere frorrrthe earth's
surface. Further contamination may occur after the snow is deposited on the ground
particularly from windborne particles and gases. Chemical contamination may be severe
near industrial areas and seacoasts; snow in the center of the Greenland and Antarctic
ice sheets probably has the highest and most consistent purity.

Table I-III establishes typical ranges for concentration of impurities, particularly
in polar snow. Figure 1-3 illustrates the variation of Na+ and S04 = with depth below
the surface of the ice cap at Site 2, NW Greenland.

Snow is generally acidic. Reports from many parts of the world give hydrogen ion
concentrations in the range 10~4 to 10~7 moles per liter. On the ice caps of Greenland
and Antarctica, the pH values are commonly about 5. 5 for snow which has- not been
contaminated by human occupancy.

The most abundant quantities of mineral inclusions in deposited snow come from
windblown sand and dust. There may, however, be inclusions of rock minerals in falling
snow. The role of rock minerals, particularly clay minerals, in the processes of con
densation and freezing in clouds was mentioned earlier. This atmospheric source pro
vides only a very small fraction of solids in normal circumstances, but.occasionally a
snowfall may become heavily contaminated from a major desert dust storm or a volcanic
eruption. Heavy contamination by desert dust gives rise to the "yellow", "red", or
"brown" snowfalls reported in the literature. This type of contamination may give char
acteristic layers in deposited snow; the ash layers deposited after major volcanic erup
tions may be traced and used as time references by glaciologists.

Fine particles of extra-terrestrial origin have also been detected in snow, and
lately there has been considerable interest in the concentration and distribution of cosmic
particles preserved in the permanent snows of Greenland and Antarctica. Langway19
describes extra-terrestrial dust lodged in the Greenland ice sheet; the "black spherule"
component of the dust has a size range of 5 to 160 ,_., and the deposition concentration is
equivalent to 1.17 spherules of mean mass per cubic centimeter per year. The •
spherules are rich in either Fe or Si.

Organic impurities:" Deposited snow is not a sterile environment; a variety of
algae, fungi, bacteria, molds, and insects can live, grow and multiply on snow. These
micro-organisms apparently live on or near the surface, where light is plentiful, and
thrive when temperatures are close to the melting point. Biological activity is arrested
by very low temperatures, but atleast some of the organisms-can survive deep freezing.

f References too numerous to mention. Probably the most prolific writer on this topic'
is E. Kol. (See, for.example, Bull. Soc. Bo-tan. Geneve, Ser. 2, vol. 25, 1934;
Smithsonian Inst, pub.- no. 3525, 1939; Smithsonian Misc. Collections, vol 101
no. 16, 1942. ) ..-:.-.'.-. '



. • ... -Table I- ill. Concentration of impurities in snow.

Impurity (mg/liter)

' Location "' Na Ca Mg K '•• P As B I CI so4 NH3 co2 H2S04 NOj s -

Site 2, NW Greenland. Average for
uppermost 100 ft of ice cap.
(Junge, 1958)

0. 029 0.035 0.011 0,037, 0.25

Site 2, NW Greenland. . From ice
sampled 300 m below the surface.
(Langway, 1962)

0. 097 0.077 0.156 0.315

Byrd Station, Antarctica.

Surface sample

Sample from 40 ft depth.

(Allis-Chalmers Co. , 1963)

0. 16

0.03 0. 14

17.2

0.01

2

10

Antarctica (about 24° E long.)
Snowfall over the ocean, 68°S
Coastal snow, 70°S
Snow on the continent, 70°-72°S
Snow on.the mountains, 72°S

(Brocas and Delwiche, 1963)

1.54 .

1.92

0.56
1. 07

0. 25

0.38

0.. 17
0.33

2. 33

2.06
0.47

.0.39

Syowa Station, Antarctica (coast).
Sample 1
Sample 2 - .

(Sugawara, 1961) ' •

240

5.3

8.9
0.42

20

0. 61

0.081

0.48

0.0041

0.0026

0.01

0.0041

413

8.3

46
0.8

Japan (range of measured values)
(Endo" and Mashima, 1955; Furuk-
awa, 1957)

0.2-

1.9

0. 02-

1.-6 ".

0. 04-

0.26

.0.02-

0. 11

0.7-

70

10 0.2-

1..8-

Nova Scotia

(Herman and Gorham, 1957) .
0. 13" 0.007 .0.3

Zugspitze (2690 m), Germany
St. Moritz (1800 m), Switzerland
(Georgii and.Weber, 1962).

..

1.6 1.0

0.4

0.8

0.8

Sierra Nevada, Utah, Colorado
(Feth, Rogers and Roberson, 1964)

0.46-
1. 24

0.,39-
2.23

0. 16-

10.33
0.31-

•0.47

0.50-

1. 60

0.93-
2. 88
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Figure 1-3.Variation of Na+ and S04= with
depth below the surface of the ice cap at
Site 2, N. W. Greenland. (Junge, 1958)

Many of the "colored snows" seen in various parts of the world (Europe Asia
N America, Greenland, the Arctic islands, Antarctica) are organically tinted Reports
of red and green snow are common; yellow snow occurs, though it seems o be more
often caused by anorganic matter, and even blue snow has been described.
Prnt«™ "^ •" r.ePeated^ found to contain Chlamydomonas nivalis. Sphaerella nivalisProtococcus nivalis, or Scotiella nivalis. Other species have been descnb d ^7? d
snow. Some change color at different stages in the life cvcle IT p*«. ufrom colorless to green with maturity and§ decayttor^^Gr'een ^ow maycgntaL^^
Raphidonema species, Ankistrodesmus tatrae. Stichococcus nivalis. Transient stages ofthe red snow organisms, or other varieties. ™"±, transient stages of.

Isotopes and trace gases. Snow consists of ice and air; when it undergoes'tran-

detectable isotopes, and the air component is a mixture of atmospheric gases the ele
ments of which also have isotopes. 8 es' me eie~

The heavy isotopes of hydrogen, deuterium and tritium, are present in snow and
there is hope that study of their concentrations will provide, along withfundamental
knowledge methods for.dating ice samples. Ice formed from snow which waHeposited
prior to the first hydrogen bomb explosion has a tritium content which decreases wTth
age; periodic fluctuations superimposed on the general decay of tritium wl'h age may
indicate variations of solar activity.'* Hydrogen bomb testing has confused thfpiWe
by introducing additional tritium to the atmosphere and hence to the snows it L,Z .
provided afirmly dated tritium horizon in th/polar ice caps! BombTes's have'iso
introduced strontium-90 into snow, providing a further means of. dating strat^jo
m ^ThG m°3t, ^T^ techniclue for datin§ sn°w by isotope techniques so far is basedon the content of the heavy oxygen isotope O". The ratio of O" to O" in precipitation
"m^rrturet^l^^s^6 ^ °f *""{***-' the *™^ of O" inc^^^htemperature- . . Thus there is a seasonal variation of the 018/016 ratio, which shows
up when measurements are made through a vertical section of the deposited^ow ThT
ratio of deuterium to ordinary hydrogen varies with temperature in the same way.'
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CHAPTER II. MECHANICAL CHARACTERISTICS

Grain sizes for deposited snow

New snow crystals, commonly range in size from fractions of a millimeter to one
or two millimeters. When dry snow is blown by strong winds, however, some frag
mentation occurs and smaller grains are formed. Grain sizes for cold, blown snow are
mainly in the range from 0.1 to 1.0 mm equivalent diameter. (Snow actually blowing in
the air ranges in size from about 20 (j. to 400 u, with a mean close to 100 jjl. ) Figure
II-1 gives a cumulative mass curve (grading curve) for fresh blown snow, measured by
means of microscope observations at an Antarctic station.

After deposition, grain growth occurs, largely as a result of sublimation, and inter-
granular bonds form by sublimation and diffusion. Grading curves for deposited snow
are usually obtained by mechanically disaggregating the snow and sieving it. The grains
are parted by rubbing snow on snow, and put through a nest of sieves agitated by a me
chanical vibrator. This method tends to exaggerate measured grain.size, but it is a
self-consistent classification procedure. Figure II-2 gives a grading curve for Green
land drift snow obtained in this manner, while Figure II-3 compares freshly-deposited
drift with older snow from the natural snowpack.

In Figure II-4, grading curves for alpine snows (obtained by a different method than
the above) are shown, and it can be seen that the older snows are more coarse-grained
than the fresh ones. 6

Fine fractions can be restored artificially to deposited snow by milling with a rotary
snowplow. Snow comminuted in this way usually has an average grain size of about
0. 5 mm immediately after redeposition. A uniformity coefficient is sometimes used to
aid in description of processed snows:

6J3

o

Uniformity coefficient, Cu '= -
D̂2

where D6o is the largest diameter of the finest 60% of grains by weight and D10 is the
largest diameter of the finest 10% of grains by weight. The smaller the coefficient the
more uniform is the grain size. Uniformity coefficients for milled snows are about 2.

Figures II-5 and II-6 compare the grading of snow milled by different types of plow
For any given plow a considerable variation in grading will be found with changing dis
tance from the plow ejection chute since, in windy weather, the coarsest fragments fall
close to the machine while the finest fraction is carried far downwind.

In Figure II-7, grain sizes in Peter snow of various ages are compared. A curious
feature of this graph is the systematic decrease of predominant grain size with time in
the first year. Waterhouse* attributes this effect to the disaggregation method used in
sieve analysis: in breaking the intergranular bonds by grinding, new fine particles are
added to the aggregate while many of the original fine particles still remain.
Density, porosity and void ratio

Density is probably the most useful single indicator of snow properties, since grain
packing, bond concentration, and structural characteristics generally show some corre
lation with density. Deposited snow ranges in density from less than 0. 1 g/cm3 for
fresh, fluffy masses of dendritic crystals, to more than 0. 7 g/cm3 for snow which has
been soaked with water or compressed by overlying layers. When density exceeds
0.8 g/cm , the material is classed as ice, since it is no longer permeable.

Density (or unit weight) is given by the mass (or weight) of the sample divided by
the sample volume, i. e. , the volume of solid grains plus the volume of voids:

Y =
V + V

s v

* Personal communication within USA CRREL.
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Figure II-1. Cumulative mass
curve (grading curve) for fresh
blowing snow at an Antarctic
station. Samples were collected
on glass slides while the snow
was. actually blowing, and parti
cle sizes were measured using a
microscope. (From data by Lis

ter, ref. 12)
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Figure II-2. Grading curve for
natural drift snow. The grading
was obtained by sieve analysis
after disaggregation by rubbing
snow on snow, a procedure which
may break grains or leave grain
separation incomplete. (After

Waterhouse, ref. 15)

where 3
v = density (usually g/cm )

mi = mass of solid ice grains
Vs = volume of solid ice grains

Vv = volume of voids.

The density of snow expressed in g/cm3 is numerically equal to the specific gravity,
a term which is7 occasionally used synonymously. In some^circumstances it is prefer
able to use the dimensionless parameters, porosity or voxd ratio.

Porosity is the ratio of void volume to total volume:

V

v + v
s v

\i- y
= 1 - 1.09\

where n = porosity and
y. = density of solid ice grains (0.917 g/cm3).

Void ratio r is the ratio of void volume to volume of solid ice grains:

r =

V

T

vr y
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Figure II-3. Grading curves for freshly
deposited Greenland drift snow and sub
surface snow from the natural snowpack
in Greenland. (After Waterhouse, ref. 15)
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Figure II-5/ Grading curve's for
snows milled by different types of
snowplow. (After Wuori,: ref. 16)
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Figure II-4. Grain size distributions
for various alpine snows obtained by
elutriation. Further data are given
by the following key:

Curve
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5a, 5b
6a, 6b

Density
Age (days) (g/cm3 )
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15 0. 29
42 0. 32
96 0. 28

118 0.36
175 0.23

(After DeQuervain, ref. 5)
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iigure II-6.. Grading curves for
snows milled by different types of
snowplow. (After Wuori, ref. 17)
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Figure II-7. Grading curves for Peter snow of
different ages. See text for explanation of ap
parent anomalous grain size;decrease. (After

Waterhouse, ref, 15)

Air permeability

The coefficient of air permeability, K, is defined as

where

Q LK=.X AP=I (cm/sec)

Q
A

L

AP

v

i

rate of air flow by volume (cm3/sec)
cross-sectional area of sample normal to flow direction (cm )
length of sample in flow direction (cm)
air pressure head (cm of water)
average flow velocity of air in sample (cm/sec)
air pressure gradient (AP/L).

11

Air permeability depends on density (or porosity) and on grain structure (grain
size, grading, and bond characteristics). It also varies with temperature as a conse
quence of the decrease of air viscosity as temperature decreases, but correction of K
to a standard temperature can easily be made. If K is to be constant for a given snow,
air flow in the pores must be laminar. Experiments give the upper limit of velocity for
laminar flow as 5 cm/sec in fine-grained snow and 1 cm/sec in coarse-grained snow.

In Figure II-8 available data on permeability of natural snows are summarized by
plotting coefficient of permeability against porosity (and density). In Figure II-9 Bader
gives a general impression of the permeabilities of various snow types and correspond
ing typical grain sizes. Variations of permeability and density with depth below the
surface of an ice cap are shown in Figure II-10.

Bader finds empirically that, when snow is compacted artificially, the following
relation between permeability K and porosity n holds:

anN
K =

N
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Figure II-8. Coefficient of permeability for snow plotted against
density and porosity.

Bader, et_al. — subsurface snow, Site 2, Greenland.
Ramseier — subsurface snow, South Pole.
Kotliakov — "last winter's snow", Antarctica.
Bender-Waterhouse — subsurface snow, Site 2, Greenland.
Bender — coarse-grained snow — grain diam > 1.2'mm.
Bader, et'al. — snow from top 4 m, Site 2, Greenland.
Kotliakov — fresh snow, Antarctica.
Bender — old snow.

Ishida and Shimizu — granular snow.
Ishida.and Shimizu — naturally compacted snow.
Bender — new snow.

Ishida and Shimizu — new snow.
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where a and N are constants, determined graphically by plotting — against K. The
PC n ~~~resulting straight line' gives a as the intercept on the — axis and N as the reciprocal

of the slope.

Bender3 showed that a depends mainly on grain size and suggested the following
equation for relating permeability K and grain size d:

K = 16.8
d1 - *3nN

N - n
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The substitution a = 16. 8 d1 • 63 was derived experimentally, a logarithmic plot of a
against d giving a straight line. • • • ''•

Waterhouse 14 has shown that permeability for a snow of given porosity tends to
increase with time, indicating that the snow mass becomes more permeable as meta
morphism progressively depletes the fine and angular particles. Permeability may
therefore give some indication of the degree of bonding in a processed snow.
Bonding and disaggregation of dry snow.

A mass of snow grains deposited in cold, dry conditions has little cohesion at
first, but soon develops intergranular bonds. In a natural dry snow mass it seems
likely that bonds are formed between adjacent grains by two main processes: subli
mation and sintering. Both of these processes can take place'in isothermal snow
masses, and without interstitial convection; under natural conditions,,, however, they
are usually stimulated by temperature gradients and convection in the, snow pores.

Sublimation transfer of water molecules results from vaporpressure differences
between the grain surfaces. Surfaces with high curvature (small grains and sharp
corners) have relatively high surface free energy, i. e. , they have a higher vapor
pressure than flatter grain surfaces. Hence there is evaporation from areas of high
convex curvature and condensation on relatively flat or concave surfaces (larger
grains and re-entrants formed by grain contact). Since vapor pressure also increases
with temperature, there is also a general mass transfer towards the cold end of a
snow mass subject to a temperature gradient.

Sintering is the mechanism by which .ice particles adhere and grow bonds, without
material transfer in the vapor phase. Kingery9 explained'this phenomenon by surface
diffusion of molecules towards the points of contact, though Kuroiwa • later concluded
that bulk diffusion in the ice grains was more important than surface diffusion. Figure
11-11 shows bond growth between ice spheres submerged in cold kerosine, photographed
by Kuroiwa.

Overall, the process of bond growth, or age-hardening, represents an expenditure
of energy as the grain surfaces in the aggregate become equipotential. Initially, the
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Figure 11-11. Growth of ice bonds .between three ice spheres immersed in kero
sine at -3. 5C: (a) after 35 min in contact, -(b) after 279 min, (c) after 1369 min.

(Photographed by Kuroiwa, ref. 11)
very fine particles, with their large surface to volume ratios, have more surface
free energy than the neighboring coarse particles, and an energy gradient exists. In
the final age-hardened condition, redistribution of mass has/eliminated the energy
differences.

Intergranular bond growth and the converse process of mechanical disaggregation
are of great practical interest in snow engineering. When'snow is moved by disaggrega
ting it, the equivalent of the energy of bond formation has to be expended to destroy the
bonds again. As a consequence of disaggregation, however, fine particles are re
created and the snow is "re-energized". This effect explains the use of milled snow1
(Peter snow) for making load-bearing surfaces and structural elements.

For studies on the energy of disaggregation, a device for measuring the work
done when snow is mechanically disaggregated has been developed by Bender.4 The snow is
ground by a spiked wheel, and the driving torque is recorded. As is the case with most
mechanical tests, the resulting value is to some extent an arbitrary index, since the
work done will vary with the degree.of pulverization and will include energy dissipated
as.heat. Nevertheless, the data should be valuable for a number of purposes.

Figure 11-12 shows clearly that the work of disaggregation increases as bonds form
during a period of age-hardening. When the snow is fully bonded, the work of disaggre
gation increases with density (Fig. 11-13), as would be expected in view of the correlation
between density and bond numbers.6 Most of the strength tests applied to snow are des
tructive tests in which bonds are destroyed'. It therefore seems reasonable to expect
strength to be related to the energy of disaggregation; this is indeed the case, as is
shown by the results of Butkovich in Figure 11-14. ,

Mechanical behavior "• } ' •.

When high density snow becomes bonded into a cohesive mass by intergranular bond
growth it acquires appreciable mechanical strength and is able to resist deformation
when load is applied to it: If moderate load is applied for a very short period of time,
the snow responds elastically, with strains which are proportional to.stress and which
are recoverable on removal of the load. If a sustained load is applied, however, the
elastic deformation is followed by continuous "straining, or creep. Cohesive snow is
therefore regarded as a compressible visco-elastic material.

A simplified illustration of the rheological behavior of snow is given by Figure
11-15, which shows a strain-time curve for a visco-elastic material to which load is
suddenly applied at time zero and suddenly removed again at time_t. The various stages
of the curve are described in the caption, and are also explained in terms of the spring
and dashpot analog shown above the graph (a combination of Maxwell and Voigt rheo
logical models in series).

The Maxwell-Voigt model of Figure 11-15 gives a useful representation of the re
sponse to a given ioad'for a restricted range of total strain. If snowis severely
strained, though, its properties alter and strain rate consequently varies (stage 3 of
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Figure 11-12. Increase in the work of dis
aggregation with time, during a period of
age hardening. (From Jellinek, ref. 8)

0.6

-0.4

z,
o

I-
<
CD
_J
<r
o

<

0.2

0.20 0.40 0.60

ft, DENSITY (g/cm5)
0.80

Figure 11-13. Work of dis
aggregation as a function of
density for well-bonded snow,

from tests by Bender.
(After Butkovich, ref. 4)



CHAPTER II. MECHANICAL CHARACTERISTICS 17
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Figure 11-14. Work of disaggregation as a function of ultimate strength,
as determined by compressive, tensile and shear tests of short duration.

(After Butkovich, ref. 4)

Figure 11-15 becomes nonlinear). In terms of the analog, the viscosity of dashpot B
changes with strain. The model also becomes inapplicable if stress is allowed to vary
widely, since snow exhibits Newtonian viscosity only at low stresses (say less than
700 g/cm2) - at higher stresses, strain rate becomes an increasingly strong function
of stress. This would therefore require the viscosity of dashpot B to be dependent on
stress.

If the load is sustained indefinitely (instead of unloading after time_t), then the rate
of straining may start to increase after a certain length of time, assuming that the snow
is free to strain continuously (if it is not free, straining may come to a halt). This
stage of accelerating creep is usually referred to as tertiary creep, and it marks the
onset of failure. Figure 11-16 illustrates the transition to tertiary creep schematically.
The parameter is stress (o-i< <rn< o-5); it is seen that at low stresses tertiary creep may
be delayed indefinitely, but as stress increases tertiary creep, and therefore failure,
appears progressively earlier. Creep tests are usually made with a fixed stress on
each snow sample which is low enough so that tertiary creep never appears during the
test, which may run for as much as 1 year.

In the following two chapters the elastic and visco-plastic properties of snow will
be reviewed separately.
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Stage 6 — The permanent strain resulting from creep up'to time t. (The

• amount of travel, which occurred in dashpot B. ) Strain is equal
to that of Stage 3.

TIME, t

Figure 11-16. Schematic creep curves
for various stresses, showing onset of

tertiary creep.
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CHAPTER III. ELASTIC BEHAVIOR AND ULTIMATE STRENGTH

UNDER RAPID LOADING

Snow behaves elastically only under loadings of short duration, with strains small
enough to be accommodated without disruption of the grain structure. When rapid strains
are so big that the original grain structure is disrupted or destroyed the snow is con
sidered to have "failed", and the maximum stress mobilized in causing failure is taken
as the ultimate strength" of the snow. When a sample is tested to failure in tension,
unconfined compression, or unrestrained* shear, the resulting failure is destructive, i e
there is a complete loss of strength after failure. When a sample is tested in restrained*
shear or m confined compression, some strength remains after the initial yield Snow
under strong lateral confinement may become stronger after the initial collapse, since
there is an increase of density, and higher stresses must be applied to cause further
collapse.

- Elastic considerations apply to problems where loads are applied by moving wheels
skis, or feet, by explosive or other impacts, or by blast overpressures. They also
apply to small amplitude vibrations, where repeated stress reversal prevents permanent
visco-plastic straining.

When testing snow under elastic conditions, and particularly in testing ultimate
strength the sample must be stressed at a speed fast enough to prevent any significant
viscous deformation. From the results of laboratory tests Butkovich12 recommends,
that load be applied at a rate higher than 0.5 kg/cm2-sec to cause a sample to fail under
elastic conditions (loading rate and strain rate are linearly related under these condi
tions). The writer finds, however, that rates about twice those used by Butkovich are
desirable for tests made at temperatures above -IOC. •

The ultimate strength of snow is related to the index properties of density,- temper
ature and gram structure. Of these, density (which actually correlates with grain
structure) is by far the most significant for cold, dry snow which has age-hardened.t

As density increases, strength increases. Young's modulus and Poisson's ratio
also increase with increasing density. Belpw a density of about 0. 4 g/cm3, snow has
very little strength. In this low density range, strength does not appear to be a strong
function of density, but seems to depend mainly on grain texture"and structure. Low
density snow has an open, weakly-bonded grain structure in which grains have considerable
freedom of movement, so that the snow is readily compressible. Very high density
snow, say of density higher than 0. 55 g/cm3, is relatively strong, and strength is heavily
dependent on density. The grains are closely packed, so that the snow can be deformed
only by straining the actual grains and the bonds, connecting them. A number of workers
have noted discontinuities when various density-dependent physical properties for cold
snow are plotted against density, and densities of about 0. 4 and 0. 55 g/cm3 have been
mentioned as significant values for change of behavior. The higher value appears to be
the density achieved when the grains are packed as closely as is possible without strain
ing them. This density, corresponding to maximum packing, will vary to some extent
with the size, shage and grading of the grains; 0. 55 g/cm3 is probably representative of
maximum packing— for a well-graded, milled snow (e.g. , Peter snow), while 0. 50 g/cm3
is given by Bader5 as the density of,closest packing for natural dry snow.

Abrupt changes of relationships at certain densities continue to be remarked, and
there is probably physical significance in the observations. However, the influence of
temperature onthese features, has not been adequately considered, so that the "magic
numbers" for density should be regarded with caution.

The influence of temperature on ultimate strength has not previously been investi
gated systematically. Bender6 summarized the scanty data available in 1957 and
represented them by an expression which in effect assumes strength s to be propor
tional to the one-sixth root of degrees of departure from the freezing~point:~

* "Unrestrained shear" is used here to mean shear at zero normal pressure on the shear
plane. "Restrained shear" is shear under an applied normal pressure,

t The unqualified term "density" in this section implies that the snow is age-hardened.
** Densities greater than 0. 6 g/cm3 have been attained at times.
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log_l__ = 0.I6 log^- (1)

where t is the number of degrees below freezing.

From measurements made with the Canadian hardness gage, Gold15 proposed an
exponential relation

H2 = "o . o63 (T2 -Ti ) i2)
Hi ,- ' /

where H is hardness and T is temperature in degrees C.

Data on changes of Young's modulus with change of temperature are given by
Nakaya23' 25 and by Yosida, et al.35 but they are insufficient to define a general re
lationship.

Preliminary results from current CRREL tests (by J. H. Smith and the writer)
suggest that the change of unconfined compressive strength with temperature might be
represented by an expression of the form

b

cr - o- = ae (3)

where cr is'unconfined compressive strength, _- is strength at (or fractionally below)
OC, t is the number of degrees C below OC, a_ is a coefficient dependent largely on
density (the value of cr - cr for very low temperatures), and b is a constant for a given
grain geometry.

The form of the relationship between strength and temperature may change with the
type of test used. During failure in restrained shear, for example, intergranular fric
tion is mobilized, in contrast to the failure behavior in tension.

The grain structure of snow influences its strength and elasticity, but the difficul
ties of measuring and describing grain structure have inhibited formulation of concise
relationships. In low density snows the structure may vary considerably, being largely
dependent on the size and shape of the constituent grains. This variability is reflected
in the strength properties. In high density snow there is less variability of grain shape,
and overall structural characteristics depend more on the degree of bonding. In fine
grained dry snow, bond strength usually increases with time at a decelerating rate,
temperature being a rate-controlling parameter.. Under certain conditions of vapor
transfer a snow layer may change into a weakly-bonded mass of coarse grains (depth
hoar), which has little strength under unconfined uniaxial loading but.which can have
appreciable strength in fully confined compression or restrained shear.

Young's modulus for dry snow

Young's modulus is equivalent to the modulus of spring A in the analog of Figure
11-15. Since it is not'really practical to measure the "static" modulus by observing
stress-strain ratios, the sonic or dynamic modulus is measured by applying high fre
quency elastic vibrations. This can be done by vibrating a small ,bar of snow and find
ing its resonant frequency electronically23, by using the soniscope22, or by measuring
velocities of elastic compression and shear waves in situ by seismic methods.

Young's modulus has been found to be dependent on snow density, temperature, and
grain structure (grain size and bond characteristics). Available data are summarized
in Figure III-l, where Young's modulus is plotted against density. All the snows tested
were age-hardened, but they came from widely separated sites. The agreement is
therefore remarkably close. The data from Crary et al. have not been adjusted for
temperature, but such an adjustment (from -27 to -IOC) would further improve the
agreement.

Figure III-2 shows the increase of Young's modulus as temperature falls down to
-180C, the two curves being for snows of different density. The total change in E from
-5 to -180C is only about 20%. Figure III-3 shows a stronger temperature dependence
in the range -2 to -IOC.
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It is difficult to show relationships between Young's modulus and grain structure
because of present inability to assign numerical values to structural characteristics.
However, in Figure III-4 the increase of Young's modulus during age-hardening of
Peter snow is shown, thus demonstrating the effects of intergranular bond formation.
Poisson's ratio for dry snow

Poisson's ratio for dry, bonded snow has been calculated mainly from elastic
vibration of snow. Most of these values come from seismic measurements in undis
turbed snow. Some other measurements have been made by permanent visco-plastic
deformation of laboratory specimens, but these data are in rather poor agreement.



CHAPTER IK. ELASTIC BEHAVIOR AND ULTIMATE STRENGTH

_. 3.5x10

Figure III-3. Dynamic Young's
modulus as a function of temper
ature in the range' -2 -to -IOC.

(After Nakaya, ref. 23)

5 10 \

TIME (DAYS)

Figure III-4. Dynamic Young's
modulus as a function of time

during the period of intergranular
bond formation (age-hardening).

(After Nakaya, ref. 25)

23

Elastic. Available data for elastic tests are summarized in Figure III-5, where
Poisson's ratio is plotted against snow density. „For high density snow in the range
0. 6 to 0. 8 g/cm3 the findings agree quite well, v being between 0. 26 and 0. 29 at density
0. 6 g/cm3 and around 6. 3-or 0. 31 at density 0. 8 g/cm3. Below 0. 6 g/cm3.there is con
siderable scatter; some of this is probably real and attributable to structural difference
in less dense snow, but some is probably.due to shortcomings of the seismic technique
when applied to layers near the surface.

For some working purposes it has been convenient to adopt a simple expression
for v in the density range 0. 4 - 0. 7 g/cm3, representing the data of Bentley et al 1 by

v = 0. 15 v + 0.2 . (4)

where y is density in g/cm3.
Inelastic. For describing the ratio of lateral to vertical strains in snow samples

which have been permanently deformed, European workers have used a "cross-section
number",* designated by the letter m. This is the inverse of "Poisson's ratio" for
viscous straining. • .

Since snow is compressible, we expect v to vary considerably with density; incom
pressible ice should show a v value equal to .0. 5, while highly compressible, very low-
density snow ought to have a v value approaching zero. This is borne out to some extent
by Figure III-6, which summarizes available data,

One rather surprising feature of Figure III-6 is the shape of the curve representing
the data of Bader et al.32 Most density-dependent physical properties approach the limit
ing ice value asymptotically; but this curve shows the strongest density-dependence in
the ice region, i.e., <for densities between 0. 8 and 0. 91 g/cm3. • The data for the curve
were obtained by straining samples in unconfined compression under constant load, verti'
cal and lateral strains being measured from time to time. The "Poisson's ratio" values
might therefore be regarded as transient values; they should be smaller than "steady
state" values. This can be reasoned as follows: If the press were to be stopped, the
vertical dimension would remain constant while the lateral dimension increased with
time, lateral creep relieving the stress in the sample.

The above remarks, arid the data of Figure III-6, refer to snow stressed uniaxially.
For snow under triaxial stress (the usual situation in real problems) those values, of
Poisson's ratio may not apply. _.. „„ .'.•..:.-..,

* Also called Poisson's number,



24

<
Q_

CO

0.5

0.4

0.3

8 °2
CO

o
Q.

0.1

0.3

PROPERTIES OF SNOW

1 — Bent ley et ol (from seismic shooting on the Greenland Ice Cop)

2 — Lee ( soniscope measurements on processed snow )

3 — Crary et alffrom seismic shooting on the Ross Ice Shelf )

4 — Bentley (from seismic shooting in West Antarctica )

0.4 0.5 0.6 0.7

DENSITY (GM/CM3)

0.8 0.9

Figure III-5. Poisson's ratio for dry snow as a function of density. The
values presented here were obtained by non-destructive elastic tests.

< 0.3
or

co

z

CO "•'
CO

O
0.

U_ 0.3
o

o
O 0.2
-J
<
z
<

CO o.i

o
o
CO

1 1 1 1 1

THEORETICAL VALUE FOR INCOMPRESSIBLE

1 1 1

ICE --7

X

/ —

/
/ X .

— 1 ^-^ LEGEND

ENVELOPE OF OATA

SUMMARIZED BY ROCH

—

-

1 ^^l
i \
i- ^j

i i i i i

BADER ET AL

X POINT VALUES BY YOSIDA
-

1 1 1

DENSITY (G/CM3)
Figure III-6. Viscous analog of Poisson's ratio for dry snow
as a' function of density. These values were deduced from

permanent visco-plastic strains.



CHAPTER III. ELASTIC BEHAVIOR AND ULTIMATE STRENGTH ' 2 5

To sum up, for problems of snow under sustained loading, any analysis which em
bodies "Poisson's ratio" should be regarded with suspicion.

Elastic wave propagation (for sonic frequencies)

The velocities of propagation of elastic waves in snow are dependent on density, on
Young's modulus (which is itself density-dependent), and on Poisson's ratio*; such wave
velocities can therefore be related directly with density, temperature and grain structure.

Figure 111-7 gives a number of curves relating the velocity of an elastic dilatational
wave (compression wave, or P-wave) and snow density. The results refer mainly to
naturally compacted snow in situ, since most of the data are derived from seismic ex
periments. They have not been adjusted to a common, temperature, since indications
are that the temperature effect is small.

If Poisson's ratio is not affected by temperature it is reasonable to expect that
P-wave velocity will be relatively insensitive to temperature change, since Young's
modulus, the only temperature-dependent factor, is only slightly affected by temperature
and therefore its square root will show even less variation. Robin's work28 on ice indi
cates that a temperature drop of one degree C increases the velocity by 2. 3 m/sec (of
the order of 0. 1% for dense snow).

Figure III-8 illustrates the dependence of wave velocity on grain structure. The
curves show how velocity increases as snow age-hardens under cold conditions, and
steps in the curves show the effects of structural changes caused by thaw and freeze.

Unconfined compressive strength

Systematic testing of naturally compacted snow in unconfined compression has been
carried out in Greenland by Butkovich12 and in Antarctica by Ramseier26. Both investi
gators crushed cylindrical specimens in a manually controlled press fitted with proving
ring and dial gage for load indication. Loading rates exceeded 0. 5 kg/cm2-sec. Tests
on snow processed by rotary snow plows have been made by Abele1, Brunke9 and
Wuori33' 36. In these tests a controlled strain rate was used — initially 0. 2 in. /min,
which was perhaps too slow, and later 1. 0 in. /min. At the time of writing further
CRREL tests by Smith and Mellor are in progress; artificially prepared, homogeneous
specimens are crushed with density and temperature as variables. Press speeds of
6 in. /min are used. -

The results of Butkovich are shown in Figure III - 9» where unconfined compressive
strength is plotted against density for a temperature of -IOC. Snows of density less
than 0.4 g/cm3 are seen to have very little strength, while the strength of snows with
densities greater than 0.4 g/cm3 can be approximately represented by the empirical
equation

crc = 1418 (y-0.39) (5)
where o"c is the unconfined compressive strength at -10C (psi), and y is density
in g/cm3.

Rarriseier's tests were made at the South Pole at a temperature of -50C (Fig. 111-10).
All samples with densities less than 0.42 g/cm3 had low strengths, and snows with
densities in excess of 0.42 g/cm3 showed an approximately linear dependence of
strength on density. For snow denser than 0.42 g/cm3, the results can be represented
approximately by the equation

oc = 164. 2 (y - 0.42) (6)

where o~c is now unconfined compressive strength at -50C (kg/cm2), and y is density
in g/cm3.

*V =
P

E (1-v)
y (1 -2v) (1 + v)

i

2

where E = Young's modulus,
•y = density, and
v = Poisson's ratio.
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Figure III-10. Unconfined compressive
strength as a function of density for snow

at the South Pole (temp -50C).
(After Ramseier, ref. 26)

Figures III-11-14 give data on the unconfined.compressive strength of snow which
has been comminuted by a Peter snow miller (rotary snowplow) and compacted after
redeposition. Most of the Samples had been age-hardened for 13 days or more before
being crushed at a temperature of -13C (±3C). The strength of the Peter snow for any
given density is rather less than the strength of naturally-compacted snow of the same
density. This can probably be attributed to the shorter time for bond formation (shorter
age-hardening period) and the lower sustained contact stresses between grains.

Figures III-15 and III-16 give strength data for snow comminuted by a Snowblast
rotary plow. ' -

Straight-line approximations of the strength-density relation are clearly unsatisfac
tory, as they fail to meet reasonable boundary conditions and misrepresent the transi
tions to both low density snow and ice. The writer suspects that void ratio may express
density in a more tractable form and preliminary results from current tests.tend to con
firm this notion; unconfined compressive strength or and void ratio r can be related
empirically by ....

o- - cr^ (7)

where a is a constant and o"i denotes the strength of ice. Extrapolation of the linear
plots of lnc against r2 gives credible values for a^.

The scant published evidence relating to temperature effects has been mentioned
already; the work mentioned in connection with eq 3, as yet unpublished, yields the
relation . . ;•,•.•• '

• • ,.- . -4. 76 • •.••.:.-'

«e
= 1.73e (3a)

•10

where cro = strength of a given snow at any temperature, 0C below OC
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A small amount of experimental work has been done on the relationship between
unconfined compressive strength and grain size, but the results are conflicting.
Jellinek's data (Fig. Ill-17) show a trend of strength increase as grain size increases
from 0. 2 to 0. 8 mm, whereas the results of Ramseier and Gow (Fig. Ill-18) show
strength decreasing as grain size increases over the same range. It is possible that
the results of Ramseier and Gow were affected by the influence of grain size on age-
hardening rate; the fine-grained samples would probably age harden more rapidly than
the coarse-grained ones, and the coarse-grained samples may have still been well be
low "full strength" after the 16 days of hardening at a temperature of about -50C.
Ramseier and Gow suggest that the greater angularity of the.fine grains contributed to
the higher strength of those samples.

Practical experience indicates that the highest strengths are achieved by well-graded
snows which initially have ample fine fractions. Coarse-grained snow is usually cohesion-
less and weak. Theory for tensile strength of granular materials40 calls for strength to
be inversely proportional to the square or cube of grain size, but for a sintered material
like snow the situation is probably more complex. . .

The unconfined compressive strength of newly aggregated snow increases exponenti
ally with time as a result of the metamorphic changes which produce intergranular bonds.
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Figure III-17. Unconfined compressive
strength as a function of particle size
(density 0. 55 g/cm3, test temperature

-IOC, samples aged 168 hr). Each point
represents a mean of 10 tests. (After

Jellinek, ref. 19)
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Figure III-18. Unconfined compressive
strength as a function of particle size
(density 0. 55 g/cm3, test temperature
-50C, samples aged 384 hr). Each point
represents a mean of 5 tests. (After

Ramseier and Gow, ref. 27)
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Figure III-19. Unconfined compressive strength as a function of time during
the period of intergranular bond formation (age-hardening). (After Jellinek,

ref. 19; Ramseier and Gow, ref. 27)

The rate at which this age-hardening proceeds is temperature-dependent, rate increas
ing with temperature. The rate is also affected by grain size and shape, snows with
ample fine and angular particles age-hardening more rapidly than those with larger or
more rounded grains. Figure III-19 gives age-hardening curves for artificially dis
aggregated snows "setting-up" at temperatures of -10 and -50C.
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Tensile strength

Comparatively little work has been done on the tensile strength of snow; Pioneer
studies were made by Haefeli17, who applied direct tensile force to cylindrical samples.
A centrifugal technique was later used by Bucher10, and in recent years CRREL (SIPRE)
has tested high-density snow by ring-fracture and beam-breaking methods12. All these
techniques are described elsewhere in this series.

The results of Butkovich for high-density snow are given in Figure 111-20. All
available data on the tensile strength of low-density shows are given in Figure III-'21.
Tensile strength is strongly dependent on density in the high density range. For densi
ties less than 0. 42 g/cm3 tensile strength is:yery low (up to 1. 2 kg/cm2), and the
widely differing grain textures found in low-density snows lead to considerable strength
variations for a given density.

The only relationships between tensile strength and temperature are found in the
work of Bucher10. Figure 111-22 shows Bucher's curves for snows of various densities
and grain sizes. The coarse-grained sample of 0. 42 g/cm3 density (Fig. III-22a) shows
ho change of strength with temperature; its low strength for such a high density suggests
a very weakly bonded granular snow, so that no marked temperature dependence is to
be expected. ' •.-•'•

Figure 111-23 gives Bucher's schematic relationship between tensile strength and
grain texture. It is doubtful, however, whether all three grain textures (dendritic,
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fine, coarse) could be compared for a common density and degree of metamorphism
(age-hardening). Dendritic crystals are usually found only in new,,, low-density snows,
while fine and coarse grains commonly settle to a moderately high density.

In medium- to high-density snows, the greatest tensile strengths are likely to be
achieved by snow which has an abundance of fine particles, and which has had an ade
quate period for bonds to form by the age-hardening process. Figure 111-24 illustrates
the increase of tensile strength with time in an age-hardening snow.

Shear strength

Shear strength of snow has been tested using apparatus for double shear of cylinders,
shear boxes, shear vanes, and shear plate si"

Shear strength is related to density, temperature, and grain structure, as other
strength properties are, and is also dependent on the pressure normal to the shear di
rection. . l

Figures 111-25 and 111-26 give Butkovich data12 on the strength of high-density snow
in double shear, for the unrestrained condition and for normal pressures of 30 and
60 psi. Unrestrained shear strength is apparently of comparable magnitude to tensile
strength for snow of a given density. Bader5 gives reasons for believing that samples
in some unrestrained shear tests actually fail in tension. Butkovich results of torsional
tests are presented in Figure-111-27.

Attempts have been made to apply the Coulomb equation, a familiar relation in soil
mechanics, to snow. The equation relates shear strength to normal pressure in a
linear form:

s = c + p tancj) (8)

where s is shear strength, £ normal pressure, £ coefficient of cohesion, and <J> the ,
angle of .shearing resistance (angle of friction).

Experiments show, however, that a plot of shear strength against normal pressure
for snow is not linear31 (Fig. 111-28). One reason for this is the compressibility of snow:
as the normal pressure is increased, the snow compresses, so that a test is actually
performed on snow of higher density than the measured initial density. The plot of
shear strength against normal pressure is thus influenced'by a third variable, density.

'"Techniques are. described elsewhere in this series.
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Figure III-25. Strength in unconfined
double, shear as a function of density
(-10C). (After Butkovich, ref. 12).
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(After Butkovich, r.ef. .12)
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Figure 111-27. Torsional shear -;
strength as a function of density
(-10C). (After Butkovich, ref. 12)

This is sometimes overlooked.' When the sample is compressed the density change
according to

ay =
Ah

h - Ah yc (9)
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where Y0 is initial density, AY the change in density, h the initial dimension normal
to the shear direction, and Ah the change in h. From present information, Ah cannot
be predicted for given values of h, p, and yQ } but it could be measured by fitting a dial
micrometer to the shear apparatus.

Low-density snows can be drastically altered by normal pressure while high-density
snows are unaltered by the same normal pressure. This point can be illustrated by
drawing on the results of an experiment by Bucher and Roch11, who relate density with
compressive resistance for snow under frictionless lateral confinement. The Bucher
and Roch data can be adequately represented by*

p = e(1°Y " 4'35) (10)
*cr

where pcr is resistance to compressive collapse for density y. From this expression,
the minimum density required to resist further densification under a given pressure
can be found. Figure III-29 shows how AY varies with Y0 for different applied pressures,
according to eq 10.

Under certain circumstances, use of the Coulomb equation is justifiable. Very-
high-density snow (Y>0. 55 g/cm3) is not likely to densify further unless the normal
pressures are very high (higher than about 3 kg/cm2, or 45-psi). If the consideration
only applies to a small range of normal pressures, it may be permissible to approxi
mate part of a curve like that of Figure III-28(b) by a straight line. -This perhaps
justifies the use of theXoulomb equation in trafficability,,studies, where nominal pres
sures for tracked vehicles usually lie in the range 1-4 psi.

Shear tests analyzed on the assumption that Coulomb's equation holds have yielded
cj> values-from 20° to 55°. The apparent cohesion £ is a measure of the unrestrained

( shear strength. It is sometimes regarded as representing the strength of intergranular
bonds, an interpretation borne out by the correspondence between unrestrained shear
strength and tensile strength.

The shear strength of snow is currently being investigated in detail at CRREL by
G. Ballard.

Penetration resistance in semi-infinite snow masses (rapid, loading)

Penetration of flat plates. When a flat plate is forced into a mass of snow which
has depth and lateral extent large in comparison to the plate width, the snow beneath
the plate is compressed under lateral restraint. The compressive resistance of the
snow varies with density, temperature, and grain structure, and also with depth of
penetration.

The type of deformation caused by penetration of a flat plate changes with the dens
ity of the snow. In low-density snows, the plate compresses the material beneath it,
shearing it cleanly from the surrounding snow. At higher densities the snow does not
compress so easily, and there is more tendency for a "stress bulb" to form.
Figure III-30 illustrates this effect. (See also ref. 41.)

The speed of penetration affects the deformation mechanism, particularly in a
layered natural snow mass. At low penetration velocity the snow yields by a series of
collapses, so that resistance fluctuates for penetration at a constant speed. Figure
III_31 illustrates this. The rate of straining also influences the deformation resistance
in a more general way, but this effect has not been adequately investigated. It might
be expected that resistance would increase as strain rate increased, but the work of
Landauer and Royse20 throws doubt on this expectation.

The effects of plate size and shape on penetration resistance have not been estab
lished experimentally. Landauer and Royse20 suggest that plate geometry is of.minor
importance, but while this may be the case for large plates it is not likely to be true

* This expression is not intended for general quantitative use. It refers to a
particular snow type and a particular test method.
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Figure III-28a. Shear strength as a function'
of normal pressure for new, slightly wind-

packed snow. (ref. 31)

60

v> 40

cr
<

20L

TEMP=I4F(-I0C)

20 40

LATERAL PRESSURE (psi)
60

Figure III-28b. Shear strength as a func
tion of normal pressure for ice cap snow
of about 0.45 g/cm3 density. (Butkovich,

ref. 12)
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Figure 111-29. Increase of density produced
by application of pressure to confined sam
ples of snows with various initial -densities

- (assuming eq 8 to apply).
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Figure 111-30. Modes of compressive collapse for different snow types,
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for small ones, since perimeter shear is a factor and the ratio of perimeter to area
decreases as size increases. The probable effect can be deduced theoretically (see
Kerr, 1962 and Assur, 1964); as plate size varies the ratio p/z will change by the
following factors:

2Ro Kl WCircular plates ( 1 + . =—

Long narrow plates (l + -^-J

where R is the r.adius of a circular plate, _B is the width of a long plate, and R0 and B0
are /'characteristic dimensions" determined by compressive and shear moduli for the
snow (K and G respectively):

i /-•

2R0 = B0 = 2 / —.

Kj and Kg denote modified Bessel functions.

Over the past 50 years a number of writers have suggested power relationships be
tween pressure, and penetration depth for sinkage of a plate into snow or soil.8' l6
While these are dimensionally undesirable and limited in validity by boundary conditions,
the simple.,power law is convenient for some purposes. Bader et al.32 show power re
lationships between pressure and penetration, and the results of CBR'1' tests by Abele
and Wuori2 can be adequately represented by a power law. Landauer and Royse20 give
power relationships between the energy of snow compaction and penetration depth, which
implies a power relation between pressure and penetration, since pressure is the deriv
ative of work with respect to penetration depth z. Investigators studying snow traffic-
ability, have used a power law to relate pressure and sinkage for vehicles (see "Oversnow
Transport", ref. 37).

Some shortcomings of power relationships are illustrated by Figure 111-32, which
is a schematic of the general pressure-sinkage relation deduced from various experi
mental results. With very small pressures the p-z relation is linear, while at moderate
pressures (such as those imposed by tracked vehicles) the snow becomes stronger as
it is compressed. At high pressures and large relative penetrations (as measured in
CBR tests) the snow "weakens" as it is strained, and eventually a yield stress is
reached, so that the plate or penetrometer drives continuously into the snow without
any further increase of pressure.

Assur38 has attempted to reconcile the conflict between various early relationships.
He gives simple and dimensionally proper expressions which describe some, but not
all, of the features shown in Figure 111-32. Acceptable approximations can be obtained
by choosing the appropriate expression for the range of behavior of most interest. If,
however, it is assumed that pressure p and penetration _z can be related over a restric
ted-pressure and penetration range by

p = k zn (11)
it is to be expected that the coefficient k and the exponent n will vary with snow type.
Although no systematic studies have been made, it appears that n is relatively insensi
tive to variation of snow type, while k may vary by several orders of magnitude.
Whereas n seems to depend only on snow type (defined by density, temperature and
grain structure) over a limited stress range,k is probably influenced by size and shape
of the plate, and by penetration rate in addition to snow type. Figure III-33 gives the
data of Bader et al.32 on logarithmic scales and in metric units. Figure 111-34 shows
some of Abele's CBR data, also on logarithmic scales but in English units. In each
case the slope of the line gives n, and the value of p where z is unity gives k.

* California Bearing Ratio
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Figure III-31. Fluctuation of penetra
tion resistance, as a plate is forced
into snow. The snow is apparently
deforming by successive collapses.
(After Landauer and Royse; ref. 20)

PRESSURE, p

Figure. 111-32. . Suggested schematic
relationship illustrating the limitations
of power function representations, of

pressure — sinkage behavior.
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Figure 111-33. Relationships between penetration and pressure
from disk penetrometer measurements. (Data from ref. 32)

Penetrometers. The Canadian hardness gage and Proctor needle are disk penetrome
ters used to measure the "hardness" of snow. This "hardness" is a rather ill-defined
initial penetration resistance which is taken to be related directly to density, tempera
ture and, occasionally, grain structure. Gold15 gives a power relationship between
hardness and density, and Ager's data relating Proctor (needle) penetration resistance
and density3 (Figure 111-3 5) also suggest a power law. Gold gives exponential relation
ships between hardness and temperature and between hardness and grain size, but the
data on which the expressions are based show broad scatter.

The CBR device and similar instruments (see "Oversnow Transport"37) perhaps
perform more meaningful tests than the simple penetrometers mentioned above, but
so far there has been insufficient theoretical and experimental work to derive full bene
fit from the data they produce. The CBR equipment, when used according to accepted
soils practice, does not seem to be very useful in snow. However, if CBR data could
be suitably interpreted for different density ranges (say, 0-0. 4, 0. 4-0. 55, 0. 55-
0. 8 g/cm3) it might provide a better test of bearing capacity than unconfined compres
sion tests or the empirical penetrometers currently in use. Unfortunately, CBR tests
are very time-consuming.

Some drop-weight penetrometers have been used. In some cases these might be
preferable to a CBR type of test, although the inertial effects might complicate inter
pretation.

Conical penetrometers. Of the various cone penetrometers which have been used
for testing the strength of snow in situ, the best known and most widely used is the
Swiss rammsonde. Other types are the Vicksburg cone and the drop-cone.

There is no acceptable theory for cone penetrometers, and there has been no sys
tematic study of the way a cone stresses and displaces the snow it drives through.
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PENETRATION, Z (IN.)

Figure 111-34. ' Relationships between penetration and pressure
from CBR tests made at a penetration rate of 0.05 in. /min.
Tests made on snow processed by a Snowblast plow, compacted
to various degrees, and age-hardened for 21 days. (From data

supplied by Abele)

PROCTOR PENETRATION RESISTANCE (kg/cm )

Figure 111-35.. Proctor penetration resistance as a function
of snow density for various temperatures. The curves suggest

a power law'relationship. (After Ager, ref. 3)
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Figure III-36. Ram hardness as a func
tion of density for age-hardened Peter
snow (Keweenaw Field Station, 1959).

(Data by Abele, ref. 1)
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Figure III-37. Ram hardness as a function
of density for snow milled by a Snowblast
plow and age-hardened (Greenland, 1959).

(Data by Abele, ref. 1)

Nevertheless, the rammsonde has proved to be a useful instrument for making rapid
measurements of relative snow strength. Ram hardness has been correlated empiri
cally with the supporting capacity of snow for wheels and vehicle tracks, with shear
strength, and with unconfined compressive strength. In avalanche work it is used to
determine the strength variations with depth in the snow pack.

Figures III-36 to 111-39 give plots of ram hardness against density for milled and
compacted snow in the range 0. 5-0. 6 g/cm3. Figure III-40 gives an example of ram
hardness changes during age-hardening. Correlations of ram hardness with unconfined
compressive strength and with shear strength are given later.

Some penetrometers (e.g. , the Vicksburg cone) may give a measure of the yield
stress illustrated in Figure III-32.
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Figure 111-38. Ram hardness as a function
of density for age-hardened Peter snow
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CHAPTER IV. CREEP UNDER SUSTAINED LOADING . .

The general form of the relationship between strain and time for snow under a
constant sustained load has been outlined in Chapter II. Following the initial elastic
strain and the stage of decelerating transient creep, a constant stress tends to produce
a constant strain rate. With low stresses, the steady strain rate is maintained over
long periods, but with high stresses the snow may soon be modified, by strain, with con
sequent effect on the strain rate. For example, if the snow densifies under load the
strain rate will decrease with time, but if it is in direct shear a high stress may induce
.accelerated straining, leading to complete failure. For practical and academic problems,
however, creep under relatively low stresses is usually of greatest interest. In these
cases it is customary to consider the "steady-state" creep (secondary creep). The
strain rate thus determined can.then be related to stress, density, temperature and
grain structure.

Strain as a function of time

The shape of the creep curve for metals has been described by numerous expres
sions relating strain and time, and interpretations in accordance with creep models have
been made.14'15 For creep curves developed from compressive tests on snow, Ramseier
and. Pavlak11 find that the strain-time relation can be adequately represented by a power
function of the form

e = eo + bt

where e is strain, e0 is instantaneous (elastic) strain, _t is time, and b and n are con
stants for. given stress arid snow type. Frequently, however, strain rates and viscosity
coefficients for secondary creep are determined by discarding data from the "delayed
elastic" portion of the curve and regarding strain thereafter as a linear function of time.

Strain rate as a function of stress

Experiments show non-linear relationship between strain rate and stress for snow.
At low stresses it exhibits linear (Newtonian) viscosity,/while at high stresses it tends
towards plastic behavior. Strain rate and stress can be conveniently related by a hyper
bolic function,2'7 following theoretical proposals for creep of metals:14'15

6J _ __ Sinh (-21
r, v o-

where c = strain rate (often compressive in snow problems)
cr = stress (often compressive)

cr0'*' = an empirical constant with the dimensions of stress, which normalizes
the variable. It may be expected to vary to some small extent with
snow type and temperature,

n = a constant for given temperature and snow type which is regarded as a
viscosity coefficient.

, For small values of a7cr0 (say less than 0.8), the hyperbolic sine function is close
to linear, since the first term of the series for cr0 sinh cr/cro is dominant. Thus snow
behaves as a Newtonian viscous solid (strain rate directly proportional to stress) for
low stresses (cr < 0. 8 <r0). Landauer7 found a value for cr0 of 700 g/cm2 (10 psi) from
creep experiments on snow of density 0. 38-0. 42 g/cm3 in the temperature range -3 to
-14C. Bader3 found values of o-0 from 660 to 770 g/cm2 by analysis of depth-density
curves from sites in Greenland and Antarctica. The assumption of linear viscosity for
compressive creep of polar snow is therefore likely to be valid for stresses up to
550 g/cm2 (about 8 psi, or 1100 psf). This is convenient for the study of certain prac
tical problems; for example, spread footings can often be designed within, or not much
in excess of, these stress limits. Another convenient approximation contains linear
and cubic terms in stress, i.e. essentially the first two terms of the sinh series.

Figure IV-1 shows hyperbolic sine curves fitted to experimental data by Landauer.
They illustrate why snow under sustained loading is sometimes referred to as a visco-
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plastic material. At the lower limit of
the stress range there is a linear rela
tion between strain rate and stress

,d'e
J—— -const.;, i.e., the snow is viscous,

At the highest stresses, strain rate tends

to become exceedingly rapid (—— — oo)

and the material is therefore plastic rather
than viscous. Actually, under triaxial
compression snow might densify to incom
pressible ice before it could yield plasti
cally. .-."•-.

Strain rate as a function of density

Strain rate for a given stress and
temperature is dependent on the grain
structure of the snow, i. e. , it depends
on size, shape, and gradation of grains,
on grain packing, and on the structural
connections between grains. As has been
mentioned before, . the only practical and
currently available index of grain struc
ture is density, which seems to give a
fair indication in'dry snow which has
been adequately age-hardened. However,
there is reason to believe that density
might be expressed advantageously in
terms of void ratio.

= const. ), i. e. , th<

o 10- 20 -

STRESS (psi) .

Figure IV-1. Hyperbolic sine
curves fitted to experimental
creep data by Landauer. Ini
tial snow density 0. 38 g/cm3;

test temperature -8.4C.
(After Landauer, ref. 7)

The effect of density on deformation
resistance has been studied by a number

Qlinvestigators, all of whom present their findings in terms of a "coefficient of com
pressive viscosity". It should be kept in'mind that this coefficient r\c is to be interpreted
in accordance with eq 1 above.

Kojima5 and Yosida12 represent the results of their observations on the'natural
settlement of seasonal snows (0. 1< y < 0. 5 g/cm3) by a simple exponential equation:

a.y
= Ae (.2)

where A a "constant" (which probably varies with snow type-and temperature, but
, is apparently of the order 105 g cm"2 sec for the types observed be-

- tween -1 and -IOC)
a = an exponent constant (which is-apparently about 21 cm3/g.

Equation 2 does not satisfy the probable boundary conditions for extremes of density.
Since natural settlement of snow is, in effect, compression under complete lateral re
straint (the snow layers are infinitely wide), it seems reasonable to expect that com
pressive viscosity, should tend to zero as' density goes to zero, and that compressive
viscosity should tend to infinity as density tends towards the value for incompressible
ice. ' ' " "' . '.....•

Bader? in his analysis of the densification of ice cap snows, also uses an exponent
ial relationship, but contrives to fit the boundary conditions mentioned above by intro
ducing the reciprocal of'void ratio as a factor: '

Tic = B.
y. - y
"ice ."

b7
(3)
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where B is regarded as constant for a given ice cap site, and takes values ranging
betweerTO. 41 and 3. 6 g cm"2 yr for sites in Greenland and Antarctica, b is an exponent
constant for a given site,' but which varies somewhat from place to place (15. 8-
21. 7 cm3/g for sites in Greenland and Antarctica).

Landauer8 chooses to relate compressive viscosity and void ratio exponentially,
obtaining a good fit to data for 0.35<y<0.50 g/cm3. This is actually equivalent to a
density relationship of the form

- r ~y (4)nc - Ce -

where C is a site constant (with the dimensions of viscosity) and £ is a constant (with
the dimensions of density). Assur1 introduces a viscous analogue for Poisson's ratio.

It will be seen from Figure IV-3 that this actually gives a relationship very similar
to Bader's up to a density of 0. 55 g/cm3, although Landauer's viscosity values in this
range are about three times smaller than Bader's for the same Greenland site.

Bucher4 made compressive creep tests on unconfined cylinders of snow in the
laboratory. His limited data in the range of 0. 2 < y < 0.4 can be represented by.a
simple exponential such as eq 2, but with a much smaller exponent constant than those
corresponding to the data'of Kojima and Bader (7.3 cm3/g, compared with 21 cm3/g
or more) (Fig. IV-2).

Mellor and Hend'rickson9 made compressive creep tests on snow samples confined
within steel cylinders. To facilitate regression analysis of data while fitting the bound
ary conditions, they adopt a'power relationship between nc and the inverse of void
ratio:* . ' ' ..

N __r • • (5)
y. - y
'ice '

where-N = a constant for. given snow type and temperature ( of the tsrder 1011- 1012 g cm"'
sec for Antarctic sites), . - - '

- n = an exponent regarded as constant for snow of a given type (a site constant),
which is found to be 1.5 for the South Pole and 3. 0 for Byrd Station.

The same data can be represented by an expression of the form of .eq 2 for
0. 35 < y< °- 60. g/cm3, giving exponent constants of 7. 1 for the South Pole and 13. 4 for
Byrd Station (Fig. IV-4).' •

Ramseier and Pavlak11 made unconfined compressive creep tests at Camp Century,
Greenland, and at South Pole and Byrd Stations, Antarctica, obtaining the results shown
in Figure IV-4. For their lowest density samples (y < 0.47 g/cm3) viscosity is strongly
dependent on density, the relations being similar to those found from natural densifica-
tion studies. In the range 0.48 <y< 0.62 g/cm3, however, viscosity seems to be almost
independent of density. For the highest densities (y> 0. 62 g/cm3) they suggest that
density again begins to affect viscosity strongly.

A similar trend to that suggested by Ramseier and Pavlak can .be seen in results
obtained from Antarctic snow pit studies by Kojima13; a linear relation between log r|c and
y was obtained for medium density snow, but deviations occurredat the high and low
extremes of the density range. In kojima's case, however, t]c still showed a marked
density dependence in the medium density range (nc increased by about one order of.
magnitude as y increased from 0.4 to 0.5 g/cm3).

Summing'up, it seems that studies of natural snow densification show a very strong
dependence of viscosity on density, while laboratory creep tests indicate that viscosity
is a relatively weak function of density, at least in the mid-range of densities. For
both densification studies and creep testing there are independent investigations leading
to similar results, so that the effect must be regarded as real. A possible explanation
of the discrepancy is that the natural densification process and the artificial creep test
are rheologically dissimilar, perhaps because of test sample geometry, non-uniform
distributions of stress and strain, and the duration of a given load.



50 PROPERTIES OF SNOW

o.io 0.20 0.30

DENSITY (g cm5)

Figure IV-2. Compressive- viscosity as a
function of density. (After Kojima, ref. 5;

Bucher, ref. 4)

Another possibility is that ice cap
samples used in creep tests have already
acquired preferred crystal orientation by
previous straining, whereas crystal re
orientation lags the strain under natural
conditions. That ice cap snow is ariiso-
tropic in creep seems to be confirmed by
Ramseier's data showing viscosity great
er for snow loaded parallel to the original
stratification than for the same snow
loaded perpendicular to that stratification.

One other appr.oach to the problem
should be mentioned. Nakaya10 has calcu
lated dynamic viscosity coefficients for
snow from measurements on the viscous
damping of flexural vibrations (sonic
frequencies) in tiny snow beams. Values
are calculated on the assumption that
relevant snow properties are represented
by the Maxwell rheological model.
Nakaya finds an exponential relationship
between the dynamic viscosity coefficient -'.-..' •-
and density for snow in the range 0. 25 <y< 0.50 g/cm3, and a different exponential re
lationship for snow and ice of density greater than 0. 60. If Nakaya1 s data for Site 2,
Greenland (Fig. IV-5), corresponding to a test temperature of -9C, are interpreted in
accordance with eq 2, then the approximate values of the coefficient A and the exponent
constant a for the low-density range are as follows:

0.35 0.40 0.50 . . 0.55 0.60

DENSITY (g cm3)

Figure IV-3. Compressive viscosity as a
function of density. (After Bader, ref. 3;

Landauer, ref. 8)



CHAPTER IV. CREEP UNDER SUSTAINED LOADING 51'

0.35 0.45 0.50 0.55

DENSITY,/ (g cni3)
0.65

Figure IV-4. Compressive viscosity
related to snow density. (After Ram
seier and Pavlak,' ref. 11; Mellor and

Hendrickson, ref. 9).

0.2 0.4 0.6

DENSITY (g cm5)
0.8

Figure IV-5. Dynamic viscosity coeffi
cient as a function of density. The dy
namic coefficient is calculated from data

•on the damping of flexural vibrations for
small snow beams. (After Nakaya,

' ^ ref. 10)

A: 6 g cm-2 sec.for the uncorrected data; 0. 1 g cm"2 sec for data subjected to
a frequency correction., a: 18 for uncorrected data; 26 for data subjected to a fre
quency correction.

It will be noted that the high values of a correspond with those found from the snow
densification studies. Bader's value for Site 2 lies halfway between Nakaya's corrected
and uncorrected values. The actual values of the dynamic viscosity coefficient at any
given density, however, are many, orders of magnitude smaller than the cbmpactive
coefficients of Bader and Landauer.

Strain rate as a function of temperature

For a given stress and snow type, strain rate increases with temperature, i.e.,
viscosity is inversely related to temperature. The relationship is found experimentally
to be exponential,4 and in considering sub-freezing snow it is customary to adopt the
following expression, for which there is some physical justification based on thermo
dynamics and chemical rate theory:14' 15

n = ke

Q
RT

(6)
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tMk"' )

Figure IV-6. The ratio of viscosity at
temperature 0C to the viscosity at -IOC
plotted against the reciprocal of absolute
temperature (a non-linear Centrigrade
temperature scale is also given). The
lines are based on eq 6 with activation

energy as parameter.

Grain size effects

where k = constant for given stress
and snow type (a refer
ence viscosity)

Q = the activation energy of
the snow

R = the gas constant
T = absolute temperature.

Eq 6 does not represent tempera
ture variations close to the melting
point very well, but appears to be an
adequate form for representing changes
at low (say less than -5C) temperatures.
Unfortunately, experiments show that
Q is not a true constant; for snow and
ice, mechanical studies give values be
tween about 7000 and 25, 000 cal/mole.
While 14, 000 cal/mole is sometimes
adopted as a representative value for
polar snow, all that can be truly said
as a generalization is that Q is of the
order of 104 cal/mole. Variations in
Q may arise from impurities in the ice
matrix, or from changes of structural
characteristics which affect the ratio
of surface to volume of ice grains and
the degree of bonding between adjacent
grains. *

Eq 6 may be normalized to com
pare viscosities at various tempera
tures with the viscosity at some refer
ence temperature.- In Figure IV-6 the
ratio of viscosity'at a given tempera
ture to the viscosity at temperature
-10C is plotted against the reciprocal
of absolute temperature and'the temper
ature in degrees C for a range of acti
vation energy values. Controlled
experiments to test the validity of eq 6
are needed.

The effect of grain size on strain rate has not been studied systematically, but
there is evidence that viscosity increases as mean grain size increases in the range 0. 2
to 2. 0 mm diam. Drawing on limited data from depth-density profiles and from the
experiments of Bucher,4 Bader2 suggests that strain rate may be inversely proportional
to the third power of grain size, or

T) cc D3

where D is grain diameter.

The relatively high creep resistance of very coarse-grained snow, such as depth
hoar, may be responsible for the sudden yielding which appears to release avalanches
or trigger firn quakes in some circumstances.
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CHAPTER V. SURFACE FRICTION AND ADHESION

Sliding friction

In practical problems involving the sliding of a solid body over natural snow, the
resistance to motion usually includes both surface friction and sinkage resistance.
Sinkage resistance arises partly from the expenditure of energy in compacting the snow
beneath the slider, and partly from shearing snow at the" front and".the edges of the
slider. If the snow is sufficiently firm to bear the weight of the slider without sinkage,
however, the resistance is purely frictional. The following remarks apply to pure
friction, particularly for skis and sledge runners'.

The classical laws of dry friction state that frictional resistance is directly pro
portional to the normal force between the sliding surfaces, but independent of the area
of contact; the coefficient of friction expresses the ratio of the sliding resistance to the
normal force, and it is a constant for any given pair of materials. Friction between
snow and a solid slider frequently conforms approximately tojthese laws at a given tem
perature, but there may be significant deviations. The coefficient of friction may vary
with size, shape and bearing pressure of the contact area,' with sliding speed, and with
temperature. To explain the effects of temperature and slide speed, some of the size
and pressure effects, and the remarkably low friction of snow, it seems necessary to
invoke the existence of a liquid water film (or, at least, -a "liquid-like" film), so that
the contact is lubricated rather than dryT '•..-..•,

The presence of a water film beneath sliding skis has been demonstrated by electri
cal conductivity measurements, which indicated formation of a continuous film at tem
peratures near the melting point but showed only localized areas of water film forming
at lower temperatures.1'3 The experiments suggested that, while pressure melting may
be significant at temperatures near OC, frictional heating is the dominant effect at low
temperatures and at high sliding velocities.' Other experiments were made with skis
having widely different thermal conductivities to test whether pressure melting or fric
tional heat contributed most to water formation, and it was confirmed that frictional
heating provides the water film when ambient temperatures are well below the melting
point and when the ski has an. appreciable speed.1' 3

Effect of temperature. There is ample evidence, ranging from the accounts of
sledge travelers to experimental data (Fig. V-l to 3), that the coefficient of friction for
most runner materials shows a marked dependence on temperature. Friction is low on
dry snow at temperatures near the melting point, but at very low ambient temperatures,
say -25C, snow loses its exceptional attribute of low friction and becomes comparable
to dry sand or-other powdered "solids.

Minimum friction occurs at OC with the snow in a "dry" condition, i. e. with no
appreciable amount of unbound water. If the' snow .becomes wet and slushy, the coeffi
cient of friction will increase abruptly for some materials; The rhaterials most ad
versely affected by wet snow are those which are water absorbent; or which become
"wetted"(contact angle decreases) after prolonged exposure to water.

As temperature decreases, the friction of metals and polymers on snow increases
almost linearly.1' 2' 5 The effect is similar to the variation of adhesive bond strength with
temperature for the same material's frozen onto ice. Some ski waxes, however, show
(Fig. V-4) an abrupt increase of friction as -temperature drops to -IOC or so. (There is
a suggestive similarity here to the abrupt increase of adhesion which occurs near the
eutectic temperature for contaminated ice frozen to stainless steel2.)

The increase of kinetic friction with decreasing temperature, attributed to diminution
of the water film, may be expected to depend to some, extent on the thermal properties of

*An alternative theory of lubrication by a film of water vapor was proposed by
McConica.iO, I I .,

t An electrical explanation of the liquid-like film has also been put forward.15
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the runner. A material of-high thermal conductivity will remove frictional heat from
the slide surface relatively rapidly, so that water lubricant is not formed as readily
and friction is comparatively high.

Effect of sliding velocity. In general, friction decreases as speed of sliding in
creases"! Bowden1' 2 ran miniature skis of waxed wood, lacquered wood, Perspex
(Plexiglas) and aluminum on snow at -IOC. He found that the coefficient of friction at
0.03 m/sec was close to the static coefficient, but at a speed of 5 m/sec the friction was
an order of magnitude smaller. In experiments with Bakelite sliding on ice at -15C,
McConica11 found that the coefficient of friction continued to decrease with increasing
slide velocity for velocities up to 8 m/sec. This effect can be explained by frictional
melting and lubrication2.' Bowden2 also found that on reducing the speed of a ski after
a high-speed run, snow adheres to most surfaces, apparently because the melt water
refreezes. An exception was the strongly hydrophobic P. T. F. E. (Teflon)5''.

Shimbo13 performed experiments with a Teflon slider at speeds up to 7.2 m/sec
and found no significant variation of friction with speed above 0. 05 m/sec (there was a
decrease of friction with increasing speed up to 0.05 m/sec). The experimental tem
perature was unspecified, although it seems likely that it was close to the melting point.
On snow at 0C.slide speed may be unimportant* since a lubricating film is already
present and pressure melting may increase the amount of water irrespective of speed.
A further point relevant to the Shimbo experiment is that Teflon exhibits low friction
at all speeds2, as its peculiar characteristics render it less dependent on water
lubricant. '.'.''

Effect of bearing pressure and runner size. If pressure melting makes a signifi
cant contribution to the lubrication of a sliding interface, then a variation of coefficient
of friction with contact pressure might be expected.

Bowden2 found that, to a first approximation, friction was proportional to normal
load and independent of apparent contact area: Shimbo13 also failed to detect a variation
of friction with bearing pressure over the range 20 - 70 g/ cm2, but since he worked with
Teflon over a small pressure range this is perhaps inconclusive. Ericksson, however,
slid steel runners at 2. 5 m/sec on new snow at 0C and found that the coefficient of fric
tion decreased from about 0. 065 to 0. 04 as the apparent normal pressure increased
from 10 to 800 g/cm2 (Fig. V-5).' From experiments with Bakelite sliding on smooth ice

* Polytetrafluoroethylene
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Figure V-5. Coefficient of friction as a
function of nominal bearing pressure for
steel runners sliding on new snow at
2. 5 m/sec. Snow temperature 0C.

(After Ericksson, ref. 5)
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at -15C, McConica11 found that the coefficient of friction increased with nominal pres
sure at pressures less than 50 g/cm2, reached a maximum between 50 and 80 g/cm2,
and decreased again exponentially as pressure increased further. In another experi
ment on ice, Ericksson5 slid steel runners at 2. 5 m/sec and increased the area of the
sliding surface from 20 to 160 cm2 while maintaining a constant load of 40 kg. This pro
cedure confuses the effects of pressure and bearing area but, as bearing area in
creased through the range (and pressure thus decreased), the results showed an in
crease of the coefficient from 0. 02 to more than 0. 03 at -10C and from less than 0. 04

to about 0. 05 at -20C.

The available data are not in complete harmony, but it seems likely that increase
of bearing pressure produces some decrease in friction in the pressure range which is
of practical interest (e.g. man on skis about 20 g/cm2, heavy cargo sled about
500 g/cm2). Whether the effect is of much practical significanceis another matter, as
the penalties of increased sinkage resistance at higher pressures would probably out
weigh any frictional advantage.

It might be expected that friction would decrease to some extent as size of the slider
increased, since the frictional heating theory of lubrication suggests a favorable modifi
cation of snow by passage of the slider. Furthermore, deleterious edge effects increase
in proportion to a linear''dimension of the slider,' while ar-eal effects vary with the square
of a linear dimension; herice there is proportio.nately less "edge effect" on a large
slider. Bowden2 did not find any significant size'effects'in his experiments, but
Ericksson5 found that the coefficient of friction for steel runners sliding on ice at -4C
decreased markedly as the length of the runner increased from-0. 1 to 1.7 m, the length
to breadth ratio remaining constant at 20:1. •

Simple theoretical considerations suggest that a surface which is elongated in the
direction of travel should slide'more easily than a broad but short surface of the same
area. Although no reports of controlled experiments have been found, practical experi
ence with skis seems to provide adequate confirmation of this supposition (there are,
of course, additional reasons for using long narrow skis).

Effect of grain size. Average grain sizes of surface snow range through more
than an order of magnitude, from about 100 jjl to more than 1 mm di&m. Surface prop
erties of the grains consequently vary appreciably, and some effects on adhesion and
melting might be expected. There is the further possibility that real contact area may
be sensitive to grain size, particularly if asperities on the slider surface have, dimen
sions comparable to those of snow grains.

Ericksson5 found.that the coefficient of friction increased as grain size decreased
(Fig. V-6) in experiments made at -2C and -25C. It is also known to skiers that friction
is relatively low on old, coarse-grained snow. This effect is explainable by the water
film theory, but the low friction of coarse, cohesionless snow has also been attributed
(less convincingly) to a "ball-bearing" action by surface grains.14

Properties of slider materials. Itis evident from the foregoing that there is no
single value for coefficient of friction of a given material sliding on snow; however,
Tables V-I through V-IV give an idea of absolute'magnitudes for some common runner
materials.

At temperatures close to 0C most runner materials have a low coefficient of fric
tion. High sliding speed is unnecessary, since pressure melting can occur. At low
temperatures and low sliding velocities there is little lubrication, and friction on snow
is not much different from friction on sand or other powdered solids.2 Under these con
ditions the frictional properties of different materials, become marked; substances which
develop weak molecular forces at the interface (as indicated by high contact angle) have
the lowest friction. A number of plastics, with Teflon as the outstanding example, ex
hibit superior frictional qualities at all temperatures and slide speeds; they appear to be
largely independent of water lubrication, since they slide with low friction on hon-melt-
ing solids. - ' -

Metals sliding at low temperatures lose their frictional heat quite rapidly as a con
sequence of high thermal conductivity* and thereby suffer. They are also prone to
adhesion of snow when melt water refreezes after they slow down from a high-speed slide.
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In wet snow, hydrophobic materials retain their low friction', but those substances
which can be wetted show an abrupt increase of friction in wet snow. Some materials,
including certain ski waxes, apparently-become increasingly hydrophiiic as they are
rubbed2, so that their friction increases with; length of use in wet snow. - . .

A curious effect of surface roughness was found by Ericksson5, who slid steel run
ners with various surface finishes on snow at a variety of temperatures. At tempera
tures below about -5C, there was an inverse relation between friction and surface

roughness, highest coefficients being given by polished, chromium--. plate, lower- coeffi
cients by a machined surface, and the lowest coefficients by a roughly filed surface.
At OC this ranking order was reversed (Fig. V-3). ;.- .- . .

Static friction and adhesion' .-'..',

The resistance which must be overcome to put a slider into motion is customarily
regarded as the static friction. On snow, however, a runner which' ha-s been left stand
ing for some time at temperatures below the melting point will actually become bonded
to the snow mass. It therefore seems desirable to make a distinction between static

friction and adhesion.

Static friction is the resistance which must be overcome to restart the motion
immediately after a "cold" slider has been brought to rest, i.e. after zero contact time.
Bowden arid Tabor2 find that static friction defined in this way is very close to the
kinetic friction for very low slide velocities,' so that for practical purposes static fric
tion may be regarded as the limiting zero-velocity value of sliding friction (so long as
there is no residual frictional heat from higher speed sliding). Adhesion, on the other
hand, is the shear strength of the bond developed between snow and a runner by meta
morphism at the interface. - .-•••'

True static friction should always be somewhat greater than sliding friction.''' From
frictional melting theory the coefficient of static friction at OC would not be expected to
* There are,a few reports of static friction being lower than sliding friction, perhaps -

because the snow surface was favorably, modified by prolonged contact, or because
the slider face was unfavorably modified by rubbing (some polymers may become
more hydrophiiic2 ).
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be much higher than the sliding coefficient, but at low temperatures the static coefficient
should be considerably higher than the kinetic coefficient, since there is no lubrication
until sliding begins. At temperatures which are too low for significant pressure melting
beneath a stationary runner, the static coefficient would not be expected to show much
dependence on temperature.

The variations of true static friction should closely parallel the effects observed
for kinetic friction where frictional heating is not a major factor. Adhesion, which con
stitutes the principal starting resistance in most practical situations.where temperatures
are sub-freezing, involves different considerations, since the several factors control
ling snow metamorphism and bond formation must be taken into account.

Formation of adhesive bond. When a slider comes to rest on snow, much of the
water film beneath it will freeze if temperatures are below the normal melting point,
thus forming an ice bond. The rate of refreezing will depend on the conductivity of the
runner. If the runner continues to lie in the same place for considerable time, further
bonding between its face and the snow surface may develop as a result of sublimation or
molecular diffusion in the snow. The rate of bond formation by "dry" metamorphism
of this kind will depend,on temperature, snow type, and the direction and magnitude of
temperature gradients immediately below the snow surface. Heat conduction in the
runner, and absorption of solar radiation on its upper face, will also be factors. One
further consideration is viscoelastic compaction of the snow during prolonged contact.
Snow under the runner will deform with time, gradually increasing the real area of
contact.

In general the strength of an adhesive bond will increase with time.

Shear strength of adhesive bond. The adhesion of ice to metals and polymeric
materials has been studied by Jellinek6'7 and Raraty and Tabor2'16. It is found that
the shear strength of the adhesive bond increases almost linearly.as temperature falls
from OC. In the case of metals a limiting strength of adhesion was reached in both sets
of experiments, the limit apparently being set by the shear strength of the ice itself
(the actual temperature at which the limit is reached seems to depend on the test method
and the strain rate). The shear strength of the bond developed between ice and polymers
continued increasing to lower temperatures, and shear always occurred at the inter
face and not in the ice, as was the case for metals. Thus it appears that interfacial
forces, determined by molecular characteristics of the substrate material, are much
lower for the plastics tested than for metals. Contamination of a metal surface seems
to reduce the real area of contact between metal and ice, so that adhesion decreases.
When ice contaminated with certain salts was frozen to stainless steel2, there was an
abrupt increase of adhesion as temperature fell below the eutectic temperature.

Corresponding effects probably occur when snow adheres to solid surfaces, al
though the low shear strength of snow (relative to ice) may set the limiting adhesive
resistance for a wider range of conditions. For a runner frozen down to the snow the
adhesive resistance can never exceed the shear strength of the snow for a normal pres
sure equivalent to the bearing pressure of the runner.

Ericksson5 gives a relation between the apparent coefficient of static friction
(adhesion) and the average grain size of snow on which the steel runner has been lying
for 5 sec at -3C (Fig. V-7). There is an increase of starting resistance with decreasing
grain size, and Ericksson suggests that finer grains give a greater real contact area.
It also seems possible that more vigorous molecular diffusion at the surface of small
grains produces more rapid bonding. A further possibility is that any viscous effects
produced by a liquid-like layer would probably be more, pronounced at the surface of
small grains.

While the physics of adhesion'is still not fully understood on the atomic scale, it
seems to be generally agreed that the contact angle between water and a given solid
provides a useful indicator of the adhesion between ice and that solid. Bowden2 and
Jellinek6'7 give values for the contact angle between water and a number of materials
which are of interest for runners and ice-inhibiting coatings.
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Table V-1. (Joefficients of .sliding iriction ior plasties..
(From Shimbo,. ref. 13)

Plastics Air temp.

Polytetrafluoro^thylene
Polyethylene
Polypropylene
Polycarbonate
Polyurethane
Pblyamid (Nylon)
Polyvinyl chloride
Epoxy resin
Celluloid

Urea resin
Amyno-alkyd resin
Melamine resin •'
Phenolic resin
Styrol butadiene copolymer
Styrol acrylonitrile butadiene copolymer

^Abnormal increase of ^k was observed.
Speed: 2. 4 m/sec, pressure 21 g/cm2.

|_k fjL'k (j.k
(-20C). (-UC) (+2C)

Q.04 0. 03 0.02

0.05 0.04 0.03

0.05 0.04 . 0.03

0.04 . 0.03 0.03

0.04 0.03 0.06*

0.04 0.04 0.07*

0.06 . 0.03 0.08*

0.05 0. 03 0.07*

0.05 0.05 0.08*

0.06 0.04 0. 11*

0.06 0.05 0. 10"

0.06 0.05 0. 05'!

0.04 =:-'0.-03--':' 0.07s!

0.04 0.03 0. 08>:

0. 04 .0.03 0.08*

Table V-II. Coefficients of friction for skis on snow.
(After Klein, ref. 8)

Ski surface material

Smooth beeswax
16 g brass
16 g Monel metal
22 g stainless steel
Bakelite varnish
White ash treated with linseed oil
Bakelite, fabric base
Bakelite, graphite incorporated

Coefficient of
sliding friction
Mini Max

029
122

103

128

072

,069
,064

,068

288

.428

167
322

211

215

,223

, 162

Coefficient of
adhesion of

static friction

Min Max

092 .808

226 .977

197 .847

056 .992

33 6 .631
420 .811

227 . 620

145 . 605

Table V-III. Coefficients of friction of various materials
on wet snow. (After Bucher and Roch, ref. 4)

Material

Air

temperature
(°C)

Velocity v in m/sec

v = 0. 18 v = 0.40 v = 0.70 v = 1.25

Glass 0

+8.5

0.015

0.015

0.012

0.012

-

_

Aluminum 0

+8.5

0. 046
0. 043

0.039

0.041
0.041

0.041

0.040

0.039
0.038

0.040

0.043

0.046

Iron 0

+8.5

0. 189
0.148

0.107

0.124
0.121

0.118

0.088
0.050

0.012

0.075
0.043

0.012

Wood
lacquered

o

+8. 5

0. 140
0.163

0.186

0.119
0. 138

0. 157

0. Ill
0. 116

0. 121

0.071

0.099
0. 127

Wood

unlacquered
0

+8.5

0.183

0. 183

0.069
0.165

0.164

0.071
0.124 .

0*158

0.071
0. 128

0. 185
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Figure V-7. Relation between coefficient
of static friction (contact time 5 sec) and
snow grain size for steel runners.. Nomi
nal .pressure 0.3 kg/cm2, temperature

-3C. (After Ericksson, ref. 5)

Table V-IV. Coefficients' of friction of sled runners on

compacted virgin snow (Greenland).(After Rula, ref. 12)

Payload S teel runners Kei -F runners Teflon runners

(tons) Dry Moist . Wet Dry

Coefficients of kinetic fric tion

Moist Wet Dry .-, Moist Wet

5 0. 12 0.09 0.08 0. 11 0.06 0.06 0.06 0. 05 0. 05

0. 15 0. 18 . 0...14 0. 11 0. 08 0. 10 0.06 0, 06 0. 10

10 0. 12 0. 12 0.08 0. 12 0.08 0.05 0.07 0.06 0.05

0.15 : 0. 17 0. 16 0. 12 0. 10 . •0. 12 0.06 0.08 0. 10

15 0. 12- 0.07 0.08 0. 10 _ 0.07 0.07 0.05 0.05

0. 15 0. 13 0. 18 0. 10
-

0. 12 . 0.09 0.07 0. 11

Coefficients of static fric tion

5 0.30 0.34 0.42 0.27 0.19 0.21 0. 17 0. 20 0. 17
0.37 0.48 0. 51 0. 11 0.08 0. 10 0.06 0.06 0. 10

10 0.40 0.37 0.40 0.28 0. 19 0. 17 0. 20 0.19 0.19
0.44 0.49 0.57 0. 21 0. 20 0. 26 0. 16 0. 17 0. 24

15 0. 35 0.37 0.39 0.25 _ 0. 17 0. 14 0. 13 0. 17
0.31 0.48 0. 50 0. 22 - 0. 26 0. 16 0. 16 0.27
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APPENDIX V-A.

Friction of tires on snow

Considering the practical importance of friction between tires and snow, there is
surprisingly little information available. Where tire traction is concerned, it is not
always clear whether the limiting factor is friction between rubber and snow, . or inter
nal friction of the snow itself (shear strength), particularly in the case of tires .with
aggressive treads. If skid-braking on compact snow is considered, however, it seems
that friction between rubber and snow may provide the major motion resistance.

Wehner* measured the friction of automotive tires on compact show using an
instrumented trailer. He obtained values for the apparent coefficient of friction in the
range 0.20-0.35. Abelet conducted skid tests with a 5-ton truck fitted alternately
with three.types of heavy-duty tires. Thesnow had a surface density in excess of
0. 6 g/cm3 and its temperature, .was -IOC. He calculated apparent coefficients of fric
tion from energy and momentum consideration, finding values in the range ,0. 13-0^ 34.
A curious feature ofrthe.^e.hner and Abele results (Fig. V-Al) .is the apparent increase
of friction with speed; a contrary trend might have been expected in view of the findings
for pure sliders.

"1 r I" I MM _• I ' . I ' I

^z^m
"</

tfCMAfCfi---"

6 8 |0 -2 ..-» 6 8 ioo

VEHICLE SPEED (mph)

Figure V-Al. Apparent coefficients of
friction for automotive tires on compact
: snow compared with values for dry pave

ments. (After Abelet)

* Wehner, B. (1959) Special observations on the resistance to sliding on snow
covered or icy road~surfaces, Rev, gen, caoutchouc, vol. 36.

(I960) Griffigk~eitsm.es sung en auf winterglatten Fahrbahnen
(Measurements of traction on slippery winter roads), Strasse u. Verkehr,
vol. 46. (text in German)

tAbele, G. (1963) Skid tests performed with a wheeled vehicle on a processed
snow trench floor, U. S. Army Cold Regions Research and Engineering
Laboratory (USA CRREL) Technical Note (internal).
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CHAPTER VI. THERMAL PROPERTIES AND RADIATION CHARACTERISTICS

Heat transfer through snow

Heat may travel through snow in any or all of the following ways:

Conduction. 'Conduction through the ice grains is usually the dominant factor when
heat passes through a considerable thickness of dense, rion-aspifated snow. The coef
ficient of thermal conductivity is dependent on'the degree of continuity of the ice matrix
in the direction of heat flow; it may therefore be expected' to increase with density and also
to vary with the degree.of ice bonding between adjacent grains. Conduction through air
in the pores of the snow also takes place, but is only significant in. low-density snow.

Convection and vapor diffusion in the pores. A temperature gradient may cause
air to move through the pores, carrying sensible and latent heat. An exception is the
one-dimensional case where temperature decreases with depth, and air stratification
is stable. Convection may be additionally stimulated by surface wind, by barometric
pressure changes, or by'artificial means. A temperature-gradient necessarily produces
a gradient of vapor pressure, so that latent heat transfer by vapor diffusion is always
present.

Radiation through the snow. Thermal radiation is absorbed and scattered strongly
in snow, so that significant transmission is limited to small distances (a meter or so at
the most). The radiation flux, and hence the energy available for absorption, is a
function of the distance from the source, so that the temperature distribution in the
snow can be significantly affected by radiation. Radiation from grain to grain in the
snow mass is probably negligible.

Even though heat transfer is controlled by this variety of processes in snow, for
practical purposes the assumption of conduction alone is often adequate, so long as a
suitable "effective conductivity" is used and the boundary conditions of the problem are
appropriately stipulated. To illustrate this, the general approach to some common
problems of heat flow and temperature distribution in snow is outlined below.

Seasonal temperature variations in deep polar snow

Subsurface temperatures in the dry snow of polar ice caps fluctuate periodically in
response to the cyclic variation of surface temperature. It is customary to regard
these temperature changes as a simple problem of solid conduction without phase
changes, an assumption which seems justifiable, since temperatures are low and icy
crusts in relatively high-density snow inhibit air movement through the pores.

Assuming that temperature in a horizontal plane at any given time and depth does
not vary appreciably, and neglecting radiation absorption, which is effective only near
the surface, the problem reduces to one of linear conduction in a semi-infinite solid
according to the equation vi

^ --| =0 (1)
8z2 a dt

where the diffusivity a is given by a = — ,k = conductivity, y = snow density,

c = specific heat).

A solution is required for the boundary conditions

z = 0 9 = f(t) '
z -t-V 9 —-0m-.

0m is the mean annual surface temperature for the site, and f(t) is a harmonic
function, which could be a Fourier representation of the.annual temperature cycle, but
which can be assumed to be a simple sine wave for most purposes, since high frequency
components are rapidly "filtered-out"-':.
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6o, t -Am + A0 sin(2Trnt) (2)

v/here 0'o ,-t ~ surface temperature at time t (see footnote)*
0m = mean annual surface temperature

A0 =• amplitude of the surface temperature wave -

n = wave frequency (1 cycle per year).

The solution of eq 1 thus becomes

-z i™
V a. . . , -, , /irn?z,t = «m+A0e. sin(2Tmt-z ^). ., (3)

The temperature at any depth in the snow therefore fluctuates sinusoidally around
the annual mean,, the amplitude being reduced below that of the surface wave by a factor

-Z^T ' /rrne , and the subsurface wave lagging the surface wave by an angle of z /——

radians (Fig. VI-1 and 2). At any depth _z, the wave amplitude and time lag are given

Az =A0 e "^

and the temperature wave travels into the snow (Fig. VI-3) with an apparent velocity

V = 2 \lima .

Such an analysis permits the effective thermal conductivity to be calculated from
suitable field data or, alternatively, surface temperature data can be used to predict
the effects at depth if a value for the thermal conductivity is assumed. The mean
annual surface temperature for ice cap' locations 0^ can be obtained from measure
ment of the snow temperature at 10-15 m deptht, where wave amplitude is sufficiently
close to zero for most practical purposes- (Az < 0. 5C). If the surface amplitude can
be estimated from data for comparable sites, a good estimate of 0m can be made from
snow temperature measurement at shallow depths.

Temperature changes under the surface of snow exposed to solar radiation

,. Absorption of solar radiation in snow affects the temperature distribution in layers
just below the surface; a maximum temperature may be developed under the surface,
and subsurface melting can occur. Absorbed radiation has the effect of a distributed
heat source, and the differential equation describing changes of temperature with depth
and time has the form

'__L _I 89 +f_ =0. (4)Sz2 a St k <4>

*Here time is measured from the moment in spring when surface temperature rises
above the annual mean temperature, i.e., t = 0 when 0Z _ q = 0 .

t Mean surface temperature changes from year to year, and Lachenbruch2 ° has pointed
out that the temperature at this depth is slightly modified by "memory" of the mean
for the last-year-but-one.
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Figure VI-1. Annual temperature waves (smoothed) at various depths
in the upper layers of an Antarctic ice shelf. (After Schytt, ref. 27)

RANGE OF ANNUAL TEMPERATURE WAVE ( C)

Figure VI-2.. Amplitude of annual tempera- .
ture waves plotted against depth. 'This ex
ponential curve shows the ' attenuation of the
waves drawn in Figure VI-T. At 10-m depth
the annual fluctuation of temperature is about

1C. (From data by Schytt, ref. 27)
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JAN FEB MAR APR MAY JUNE JULY AUG SEPT OCT NOV DEC

Figure VI-3. Times of occurrence of maximum and minimum
temperatures at various depths in the snow, from the data of
Figure VI-1. The slopes of the lines give the rate at which a
temperature wave travels into the snow, and from this speed
of penetration the effective thermal diffusivity of the snow can
easily be calculated. These lines show a rate of penetration
of about 1.6 m per month. (From data by Schytt, ref. 27)

The heat generation rate at any depth z, Sz, is the rate of radiation absorption,
which can be expressed for homogeneous snow as

= Io v e (5)

where I0 is the flux density of radiation penetrating the surface (i. e. , the incident
radiation minus the reflected radiation), and v is the extinction coefficient for the
particular snow type.

Seasonal temperature variations in snow subject to summer melt

Seasonal temperature variations in snow which melts in summer are less amen
able to analysis, since phase changes are involved and heat is transferred by melt
water percolation. Figure VI-4 gives an example of annual temperature changes at
various depths in snow which melts at the surface in summer. The problem is some
what similar to that concerning freezing and thawing in the active layer of permafrost,
which has received some attention.19

Temperatures in snow exposed to nuclear radiation

Temperature distribution in snow exposed to nuclear radiation can be calculated by
regarding the radiation as a distributed heat source within the mass. Taking suitable
boundary conditions for the particular problem and making the heat generation term
some function of distance from the source, temperature distribution is obtained from
the solution of the general equation.

v2e !___-+ (*» y>z)
a at k (6)

where S(x> y? ^ = heat generation rate at (x, y, z) due to radiation,
k = thermal conductivity (assumed constant).

The steady-state form of eq 6 has been solved analytically for simple boundary
conditions by Tien2? who treated the problem of a continuous source in an infinite
medium. More complex cases can be treated numerically.
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SNOW ACCUMULATION ON THE SURFACE
200

100

Figure VI-4. Annual temperature changes in snow subject to summer melting
at the surface and infiltration of melt water. (From data by Chizhov, ref. 8)
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Figure VI-5. Thermal conductivity of dry snow
as a function of density.

Thermal conductivity

A number of determinations of thermal conductivity have been made, usually with
only density measurement describing the snow type. The investigators have given
empirical relationships between conductivity and density to represent data over limited
density ranges. These data are summarized in Figure VI-5 and Table VI-I.

It seems likely that some of the determinations listed in Table VI-I include the
effects of heat transfer by vapor diffusion. The coefficients are therefore "effective
conductivities, " which may perhaps vary with the magnitude of the temperature
gradient.
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Table VI-I. Thermal conductivity of snow.

Expression Density range
Investigator Date (k = cal/cm-sec-C; y = g/cm3) (g/cm3)

Abels9 1894 k = 0.0068y2 0 14<y<0 34
Jansson9 1901 k = 0. 00005 + 0. 0019y + 0. 006y4 0.'o8<y<0*5
Van Dusen9 1929 k = 0. 00005 + 0. OOlOy + 0. 0052y3
Devaux9 1933 k = 0. 00007 + 0. 007y2 0 1< y< 0 6
Kondrat'eva16 1945 k = 0. 0085y2 0* 35 < y
Yosida34 1955 k = e4. 606 (y"2) 0.'o7< y< 0 4
Bracht6 1949 k =0.0049y2 0.19<y<0.35
Sulakvelidze3 1958 k=0.00122y y< 0 35
Proskuriakov3 k = 0.000005 + 0.00242y

An interesting feature of Figure VI-5 is the apparent dispersion of the results as
density increases; in summaries of other density-dependent physical properties it is
often found that agreement improves as density increases, presumably because there
is less variation of grain structure in high density snows.

Conductivity may be expected to depend on grain structure; it should increase as
intergranular bond growth increases the concentration of continuous ice paths In this
connection, it would be interesting to see the results of conductivity determinations on
snow of a given density at various stages in the "age-hardening" process. In natural
snows, the conductivity of depth-hoar (schwimschnee) might be expected to be lower
than the conductivity of fine-grained wind drift.of the same density.

Determinations of conductivity reported for wet snow cannot be accepted at face
value, since the ice matrix in wet snow is isothermal. Heat transfer through <wet snow
must be brought about by convection in the remaining air spaces, by water percolation,
or by transmission of radiation. Movement of saturated air and migration of liquid
water are very effective in transferring heat, which could account for Sulakvelidze*s
report of wet snow conductivity being two to three times as great as dry snow con
ductivity.

Thermal diffusivity

Thermal diffusivity, the coefficient a in the general heat conduction equation, is
given by

k • , • • •

a " Y^ ••_ \ (7)
where k is thermal conductivity, y is snow density, and c is specific heat.' (The product
y.c is known as the volumetric specific heat. ) Although many values of conductivity k
are actually derived from determinations of diffusivity a diffusivity has been reporTed
directly as a function of snow density in only a few cases. Values of a are therefore
calculated as required from eq 7, with substitutions for k and c from the information
given above. ' — —

Convection and diffusion in snow

When a temperature gradient exists in a snow mass there is convective transfer of
sensible heat. In the case of snow which is colder at the bottom than at the top, however
there is no vertical convection, since the stratification of the interstitial air is stable. '

In some circumstances there is forced convection in the snow, with consequent
increase of convective heat flow. This effect may be strongly marked in undersnow
camps, where pressure gradients are set up by the ventilation systems, and air flows
briskly through the pores of the snow.

A temperature gradient also leads to transfer of water molecules by thermal con
vection and vapor diffusion, so that there is a flux of latent heat.
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Since saturation vapor pressure increases with temperature, a temperature gradi
ent in the snow creates a.gradient of vapor pressure, and consequently there is a
transfer of vapor by diffusion. Many practical problems involve only gradients in a.
vertical direction, horizontal temperature gradients being negligible; for.such cases
the equation governing vapor diffusion is written in the one-dimensional form (assum
ing no source or sink). v

___2_ _ J- iE = o • ' (8)
d at

__

where p. = vapor pressure at depth _z, and
D. = a diffusion coefficient, termed the "macroscopic" diffusion coefficient by

Yosida et al.34 (avoiding the need for detailed consideration of interstitial processes).

The coefficient D was determined experimentally by Yosida et al34, who obtained
values from 0. 7 to lTO cm2/sec. The value of D was apparently independent of snow
density over the range 0., 08 to 0. 51 g/cm3. This and the fact of its being larger than
the diffusion coefficient of water vapor in air can probably be attributed to local in
tensification of the temperature gradient across air. spaces, and to sublimation transfer,
which eliminates the need for any given molecule to travel the entire diffusion path.

If D is known, the rate of heat transfer due to one-dimensional vapor diffusion can
be calculated from

q'v = "f3DLs *| \ . (9)

where q^. = rate of heat flow in the direction z
(3 =. rate of. change of vapor density of ice with temperature , . . .

Ls = latent heat of sublimation of ice. •

Taking Yosida's values of Ls = 676 cal/g, (3 = 0. 39 x 10"6 g/cm3-C and a mean
value of D = 0. 85 cm2 /sec, the rate of heat flow due to vapor diffusion is

q„ = 2.2 x 10"4 -r- cal/cm2-sec. (10)
v . dz

Vapor transfer with forced convection

The problem of vapor transfer when a definite flow of interstitial air exists has
been studied by Yen,33 who defines an equivalent thermal conductivity due to vapor
transfer, kv, by

__£
dzqv = "kv 7T- ' (cf- ecl 10)

and represents his results by a relation between kv and air flow rate:

kv = 0. 77 x 10'4 + 0. 314 G - 89.4 G2 + 86.4 G3 (11)

where G is rate of air flow in g/cm2-sec, and kv is in cal/cm-sec-C. The snow density
range was 0. 38 < y < 0.47 g/cm3.

The no-flow value of kv is 0.77 x 10"4 cal/cm-sec-C, which may be compared
with Yosida's value of 2.2 x 10"4 in eq 10 above. Yen attributes his lower value to the
difference in temperature levels employed in the two experiments.

Comparing his values of kv with values of an overall effective thermal conductivity
for medium density snow with forced convection,32 ke, Yen finds that kv represents
7. 5% of the total .value of ke with G = 0, and. 19% of kfe with G = 10"3g/cm2-sec.

Specific heat

Since the contribution of interstitial air and water vapor to the specific heat of de
posited snow is negligibly small, only the specific heat of the ice matrix need be



72 PROPERTIES OF SNOW

Table VI-II. Apparent specific heat of ice.

Temperature, °C Appa.rent specific heat, ca
d = -0.006 d = -0.0006 d'= -0.00006

-- 5 0.5155 0.4983 0/4966
-10 . 0.4919 0.4876 0.4871

•-20- 0.4696 0.4685 0.4684
-30 0.4503 0.4498 0.4498
-40 0.4315 0.4312 0.4312

considered. This is influenced by temperature and impurities (effects of varying crys
tal form and relatively high surface to volume ratio are thought to be negligible). The
best determinations are believed to be those of Dickinson and Osborne,9' 31 who gave
the following expression for apparent specific heat ca in the temperature range -0. 5
to -40C: X '

ca =0.'5057 •+ 0.0018630 - 79' 75 d cal/g-C. (12)
9Z

6 is temperature in degrees C (so that the second term necessarily becomes nega
tive), and d, the initial freezing point of the completely fused ice, gives a measure of
the concentration of impurities. Some values of ca according to eq 12, as tabulated by
Dorsey,9 are given in Table VI-II.

It can be seen from Table VI-II that impurities only affect the apparent specific
heat significantly at temperatures close to the melting point, where latent heat effects
are involved due to melting or freezing of the residual impurity film.

• For ice of very high purity (d = 5 x 10"5) the Dickinson and Osborne equation gives
the apparent specific heat as - .

ca = 0. 5057 + 0.001863) 0. 004

ez

The specific heat of snow and ice is usually taken as 0. 50 cal/g-C in practical
problems. According to- Table VI-II, this value seems to be too high where tempera
tures are below -10C.

Latent heat •-

The latent heat of snow is that of the constituent ice particles; hence the data for
ice can be adopted. For common problems, where phase change occurs at 0C, a value
of 79. 7 cal/g can be accepted for the latent heat of fusion. When phase change takes
place at lower temperatures, e.g. , in the freezing of supercooled water droplets, latent
heat of fusion is less (Table VI-III). For most practical purposes, the latent heat of
sublimation can be taken as the sum of the latent heat of fusion at 0C plus the latent heat
of vaporization from water at 0C, ignoring the possibility of lower values due to poly
meric evaporation as discussed by Dorsey.9 The value is thus 677 cal/g. Table VI-III
gives latent heat at various temperatures. .

Table VI-III. Latent heat-of ice.

Temperature Latent heat (cal/g)
( °C) Fusion Sublimation

.0 79.7 677.0
-10 74.5 . 677.5
-20 69.0 677.9 :
-40 . 56.3 678.0
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Thermal expansion

No values for the coefficients of thermal expansion of snow have been found in the
literature. Expansion and contraction with change of temperature is due to expansion
and contraction of the constituent ice grains, but the macroscopic effect may perhaps
vary with the internal freedom of the grains, i.e. with density and bond characteristics.
The effective coefficient of expansion should be close to, though maybe lower than, that
for solid ice, which is approximately equal to 5 x 10"5 C _1 in the temperature range
0 to.-40C. Akkuratov1 describes a method for'determining the linear coefficient of
expansion for snow, but gives no results.

In considering the effects of thermal contraction it is worth noting that thermal
cracking depends on the rate of temperature change as well as on the magnitude of the
change. . Theory and observation suggest that tensile cracks occur on snow when tem
perature drops rapidly; if the temperature change, is very, slow, thermal stresses can
be relaxed by orderly creep. ..,...* -..,'•

Absorption and scattering of radiation in a snow mass

Radiation entering a snow mass is subject to absorption and scattering, so that its
intensity is progressively reduced with distance. It is usually assumed for simplicity
that a snow mass behaves as a homogeneous diffusing medium, so that for a given wave
length, radiation is attenuated according to the Bouger-Lambert law":

I2 = I0e-VZ (13)
where Iz = intensity of radiation transmitted in the _z-direction at depth _z

I0 " = net radiation 'flux, through the surface of z = 0
v = an attenuation constant (loosely termed extinction coefficient here; ex

tinction coefficient V is given11-in terms' of absorption coefficient a and. scattering
coefficient (3 by: -"v = a n/1 +2 (3/a.).

A natural layered snow mass is not truly homogeneous, and absorption is affected
by density, grain form, and the presence of laminar crusts. Nevertheless, it should
be possible to correlate the extinction coefficient with density and graai^ type over a
restricted depth interval (note that density generally increases progressively with depth,
while grain type changes irregularly).

Extinction coefficients have been calculated from the data of various early studies,
but most of these must be discarded, since the snow is not adequately described. In
Figure VI-7 available data on extinction and absorption coefficients as a function of
wavelength are summarized. Ambach and Habicht,2 who found no wavelength depend
ence for the scattering coefficient in glacier ice and alpine snow, show an increase of
absorption coefficient with wavelength in the range 0.4 to 1. 0 p. for dry powder snow.
Liljequist21 .also found, that the extinction, coefficient increased with wavelength in the
range 0.42 to 0. 65 u for dry polar snow. Data presented by Thomas30 show a similar
trend for fresh snow and for old metamorphosed snow in the range 0. 42 to 0. 66 \x.

Figure VI-8 summarizes the information on extinction coefficients as a function of
snow density. Data by Ambach and Habicht2 are given for "mixed" (urifiltered) light and
for three bands in the red and infrared. Measurements were-made in powder snow over
a rather small range of densities. Other information is obtained from Thomas' data,
which were found by the author to yield linear relationships between extinction coefficient
and density for "mixed" light and for wavelengths of 0. 42, 0. 54, and 0. 66 \±. Correlation
coefficients were in the range 0.934 - 0.970, data for the single example of fresh, low
density snow being excluded from the correlation for. older, metamorphosed snow. Four
values by Gerdel13 are also plotted. (Further data and comments in Appendix VI-A. )

Scattered items of information are available for absorption at radio frequencies in
snow. For 12-cm microwaves (SHF) Matsukawa and Kobayashi22 found absorption coef
ficients from 0. 28 to 0. 08 (presumably cm"1, although no units are given) for snows in
the density range 0. 26 <y < 0. 74 g/cm3; absorption coefficient decreased with increasing

*Giddings and LaChapelle1* arrive at the same expression by regarding radiation
scattering as analogous to Brownian movement, solving the general diffusion equation
for the one-dimensional steady-state case.
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density. In the VHF band (see Fig. VI-6 for the electromagnetic spectrum) absorption
apparently decreases as frequency decreases; Evans12 recommends a frequency of about
30 Mc for an ice depth sounder, largely on the basis of a need for low absorption. From
dielectric data.presented by Kuroiwa" the author calculates an absorption coefficient of^
1. 5 x 10"4 cm"1 for a frequency of 5 Mc, and an absorption coefficient of 7. 5 x 10" cm
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for a frequency of 1 Mc (MF/HF band). The use of VLF for underwater communication
suggests that absorption in snow for VLF may also be low. Considering the electro
magnetic spectrum below the visible range, electromagnetic theory suggests that a
general decrease of absorption with increasing wavelength might be expected.23
Reflection from snow

For any given wavelength, reflection from snow is determined by surface reflection
and by the returns of radiation from beneath the surface. The reflecting properties of
the surface alone are described by the surface reflectivity, while the overall reflection
from the mass is described by the reflectance.

Reflectivity is governed by the condition of the surface. It will vary with the char
acter of the incidentlight; in the diffuse light of a cloudy day the'surface can be regarded
as a diffuse reflector, but in direct sunlight only smooth fresh snow can be considered
a diffuse reflector.'^ Factors affecting reflectivity include grain form, solid impurities,
and, in direct sunlight, macroscopic irregularities such as sastrugi, dunes, and radi
ation pits. Directional surface irregularities and specular reflection from old meta
morphosed snow and crusted surfaces lead to changes in reflectivity with azimuth and
elevation of incident rays.

Subsurface energy returns depend on scattering and absorption within the snow,
which in turn depend on density and grain form, and also on the presence of subsurface
ice layers and inhomogeneities. In shallow snow, the ground surface beneath influences
the return of energy to the surface. Figure VI-9 shows how reflectance for mono
chromatic sodium light changes with snow depth for one type of snow.

The gross reflectance over a.broad spectrum is the albedo of the snow, defined by

A =M . ..-.- (14)

r L dX

where A = albedo

r^ = spectral reflectance for wavelength X. . :
1^ = intensity of incident radiation (flux density in the surface plane) at -:

wavelength X.

\i and X.2 are the extremes of the spectrum (about .0. 4.and 0.7 ll for the. visible, or wider
limits of the solar .spectrum, say 0. 3 to. 3.0 ll, if the infrared and ..ultraviolet are
included). - . ..-

It can be seen from "eq 14 that the spectral reflectance r^ has to be considered in
order to gain an insight into the albedo. While the white color of snow indicates that -
spectral reflectance is not a strong function of wavelength in the visible spectrum, " '
there is- evidence,.' from visual observations and from photographs, that both brightness
and color vary as snow -passes through the transition to ice, and therefore some de
pendence of spectral, reflectance on wavelength and snow type might, be anticipated. -
The theoretical considerations of Benford5, Dunkle and Bevans11, and Giddings and
LaChapelle14 also predict that reflectance: is a function of wavelength .and particle size.

Available published data on reflectance as a function'of wavelength are presented
in Figure VI-10. Curves A and B; from Krinov17 and Liljequist21 respectively, are for
snow illuminated by light.diffused through-cloud cover. Krinov shows reflectance
steadily declining as wavelength increases, from 0.4 to 0. 8 (j, (more than 20% decrease).
Liljequist found little change between 0. 42 and 0. 595 ll (about 1% rise and fall through
the range) but between 0.595 and 0. 65 ll there was a" drop of'more than 4%. •

* That is, assumed to obey Lambert's cosine law: intensity of.reflected radiation
proportional to the cosine of the angle between the direction of reflection and a
normal to the surface.
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Figure VI-9. Reflectance plotted against snow
thickness for sodium light (X. = 0. 5983 ll).
(After Giddings and LaChapelle, ref. 14)

The remaining curves, C - F, represent measurements in direct sunlight and
seem to show a contrary trend, reflectance increasing towards the red end of the
spectrum (measurements do not appear to be integrated over, the daily range of solar
elevation angle). The results of Krinov (C) and Sauberer (D) are closely similar
through the visible spectrum, reflectance increasing some 5% as wavelength increases
from 0.4 to.0.7 ll. Above 0.7 ll, Sauberer's data show reflectance decreasing again-,
while Krinov shows a constant value up to above 0.8 ll. Thomas's data appear to indi
cate an appreciable increase of reflectance as wavelength increases from 0. 42 to
0. 66 ll, fresh snow giving an increase of about 7% and older metamorphosed snow an
increase of about 18%. ...

Other data not plotted in Figure VI-10 should be mentioned. Polli24found con
siderably higher reflection for total"visible light than for violet"rays. Hulburt15 found
that reflectance in the visible spectrum was higher than in the ultraviolet and infrared.
Dunkle and Gier10, from theoretical studies, calculate that" reflectance decreases as
wavelength increases from 0. 3 to 1. 3 ll. Kasten36 finds that a receiver filtered to
simulate the visual acuity of the human eye gives, an albedo close to unity in diffuse
light, implying that.reflectance is very high around 0. 55 ll.

The data are apparently in poor agreement and the general picture is confused.
Appendix VI-A gives additional data, as yet unpublished, together with comments.

In the lower frequency ranges of the electromagnetic spectrum it seems that there
may be a general decrease of reflectance with increase of wavelength. In the micro
wave band, Zinchenko and Usikov38 found the reflection coefficient decreasing with
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increasing wavelength, particularly between 0.44 cm and 1. 36 cm. The fact that air
craft radio altimeters utilizing microwaves give better reflections from snow than
those operating on UHF is supporting evidence. For frequencies of the order of 10 Mc
Piggott and Barclay25 regard dry snow as transparent. Asami and Kurobe4 found that
reflection varied with water content of the snow in the UHF and microwave bands.

Snow type is frequently described only in terms of density, but the effect of density
on reflectance does not appear to have been studied. Using the only data available,
those of Thomas, the author found no significant correlation between reflectance and
density for wavelength of 0. 42, 0. 54, 0. 66 ll and for unfiltered light. Theory calls for
increasing reflectance as absorption decreases; it was shown above that extinction co
efficient decreases with increasing density, so that reflectance might be expected to
increase with density. However, the data presented are somewhat suspect (see Ap
pendix VI-A); and in natural snows there is generally an increase of grain size with
density, so that the effect of grain size on reflectance must also be considered.

Theory predicts-that reflectance will decrease as grain size increases. In the
transition from fine, wind-blown snow to dense old snowthere is commonly an increase
of grain size through an order of magnitude or more, and it seems that this may out
weigh the effects of increased density in determining reflectance. As far as is known,
there is no experimental evidence concerning the effects of grain size variation on
reflectance.

Long wave emission from snow

The emission of radiation from a surface depends on the temperature and emis-
sivity of the surface. Emissivity, e, is the ratio of the intensity of radiation emitted
by the surface to that emitted by an ideal black body at the same temperature:

where

o- T4

intensity of radiation emitted
absolute temperature (°K)
the Stefan-Boltzmann constant (=5. 672 x 10" 5 erg/sec-cm2-deg4).

(15)

Early observations on melting snow indicated that, for long wave radiation,
emissivity is close to unity (e > 0. 995), so that for practical purposes snow could be
considered as a black body. Experiments on ice at and-below the melting point sup
ported this conclusion. Dunkle and Gier10, however, find lower values from measure
ments on laboratory specimens. Giving their data in terms of emittance rather than
emissivity, since subsurface effects are also involved (cf. reflectance), they show
values ranging from 0.82 to 0. 95. The low values are apparently associated with fine
grain sizes. They also find emittance to be temperature-dependent at temperatures
close to the melting point, emittance increasing as temperature increases
(FigVI-11).

Figure VI-11. Emittance as a
function of temperature.

(After Dunkle and Gier, ref. 10)

20 25 30 35

TEMPERATURE (°F)
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APPENDIX VI-A.

AUTHOR'S MEASUREMENTS OF SPECTRAL
TRANSMITTANCE AND REFLECTANCE

Compilation of the foregoing information on spectral absorption and reflection of
visible radiation in snow prompted the writer .to conduct a number of simple experiments
using available apparatus. The results have not yet been fully analyzed or exposed to
open discussion, but preliminary data plots can be given.

Attenuation was studied in the cold room by illuminating one end of a homogeneous
snow cylinder by a diffuse source and using a collimated brightness meter with narrow
band-pass interference filters to measure transmission through the snow cylinder, to a
"black body" cavity. Snow samples were made artificially by sieving, and. compacting
under controlled conditions, followed by .sintering at -IOC. Tests were made at -IOC.
Figure VI-A1 summarizes the wavelength dependence found for various snow types: in
the artificial snow composed of fine and angular grains attenuation (neglecting surface
effect) was consistently highest at the blue end of the spectrum. Coarse-grained natural
"spring snow" reduced to a temperature of -IOC showed much lower attenuation and less
spectral selection than the artificial samples, which were intended to simulate wind
blown polar snow. Attenuation was also measured for coarse-grained wet snow by the
"slab" method; in this condition the snow transmitted well, and attenuation was slightly
higher for the red end of the spectrum than for shorter wavelengths.

The experiments showed that, for densities in the range 0.35 to 0. 55 g/cm3, attenu
ation in cold, fine-grained snow increases with increasing density, in contrast to the
trend shown in Figure VI-8. It can be reasoned that attenuation in snow (which is an air/
ice mixture) must increase from virtually'zero at zero density to some maximum value,

SPRING SNOW (-/OC)
MEM af""^~£~?0mm*IRANGE 0.5 ,o 5.0mm,

WET COARSE GRAINED SNOW (SLAB METHOD) 0.51

MEAN GRAIN SIZE~ 1.0mm

WAVELENGTH, /_

0.2mm (VERY UNIFORM)

0.3mm (RANGE 0.2 to 0.7mm]

0.6mm (RANGE 0.2 to I.I mm)

Figure VI-A1. Attenuation constant (extinction coefficient) as
a function of wavelength for various snow types. All the un
labeled lines refer to snow samples prepared artificially in the
laboratory and tested at -IOC. The numbers shown against
each line give sample density in g/cm3, and grain size is indi

cated in the legend.
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and thereafter decline to a low value as the snow changes into ice, which is relatively
transparent. Although inadequate, the experimental results for the finest-grained
sample (0.2 mm) suggest that the density for maximum attenuation is between 0. 5 and
0. 6 g/cm3, and that the critical density varies with wavelength.

The results also show that attenuation decreases with increasing grain size.

Spectral reflectance was measured in the field by using the collimated brightness
meter and interference filters to compare normal reflection from the snow with normal
reflection from a magnesium oxide block of known spectral characteristics. The results
are summarized in Figure VI-A2. Measurements made in light diffused by an overcast
showed only slight spectral selection, with highest reflectance at about 0.45 to 0. 50 ll
wavelength. Measurements in direct sunlight on surfaces exhibiting some specular
properties showed a marked decline in reflectance as wavelength increased from 0. 4 to
0.7 LL.

WAVELENGTH ,/_

Figure VI-A2. Reflectance-of natural snow as a. function
of wavelength. The snow types tested were:

1. Fresh snow, density 0.28 g/cm3, temp 0C (dry)
2. <1 - 2 cm fresh snow (0. 1 g/cm3) lying ^n older snow

(0.4 g/cm3), temp 0C •; ,
3. Metamorphosed snow, density 0.43 g/cm3, temp 0C
4. Slightly metamorphosed new snow, density 0. 2 g/cm3,

temp 0C
5. Wet snow, 2 days old, density 0.4 g/cm3, melting

during test
6. Same as 5. after 5 hours more melting.
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APPENDIX VI-B.

ABSORPTION AND SCATTERING OF RADIATION.

IN SUSPENDED SNOW

There is little information available on the attenuation of radiation by snow sus
pended in air (falling snow or blowing snow). While it is widely recognized that attenu
ation will vary with size and shape of particles, concentration, temperature, and
radiation wavelength, systematic measurements are lacking.

. Landon Smith and. Woodberry* developed a, photoelectric gage for metering wind
blown snow, and in the course of. their work obtained experimentally a relation between
the output of the photoconductor device and the concentration of blowing snow. Peak
sensitivity of the combination of photoconductor and electric light bulb used was not
stated, though presumably it lay somewhere in the visible or near infra-red (sensitivity
of the photoconductor alone apparently centered around 0. 6 ll). The blown snow had a
mean particle size of about 100 ll. If there is a linear relation between the gage output
and decrease of luminous flux, as seems to be the case, then the work shows that the
flux reduction at a given distance from a source, is inversely proportional to the drift
density raised to the power 0.87 for the range investigated.

_2_ -
d, ^°-87

where I0 is the flux for liquid density, I2 is flux at distance x_from the source with drift
of density d2 (mass of snow per unit volume of air), and Ij is the flux at distance x
with drift of density d1.

Approximate working values for attenuation of microwaves by falling snow have
been calculated by Marshall, East and Gunnt These values of attenuation as a function
of precipitation rate, with wavelength and temperature as parameters, are given in
Table VI-I.

Table VI-BI. One-way attenuation of microwaves
by falling snow — working values!

(R is rate of snowfall in mm/hr of equivalent water. Upper limit
of applicability is R = 10 mm/hr.)

Temp
(C)

Wavelength '
3; 2 cm 1. 8 cm 1. 24 cm : 0. 9 cm

o 3. 3xl0"5RK6
+ 68. 6x10" 5R

3. 32xiO_4R1-6
+ 12. 2xlO"4R

' l^SxlO^R1'6
' +1.78xl6_3R

S.SSxlO^R1-6
+ 2. 44xlO~3R

-10 S.SxlO^R1-6
+ 22.9x10 ^R

3. 32xi0-4R1:6
+ 4.06xlO"4R

1.48x10 ^R1-6 ..-
+ 0. 59x10/^R

5. SSxlO^R1- 6
+ 0. 81x10" 3R

-20 3.3xlO"5R1-6
+ 15.7x10 ^R

3. 32xlO-4R1-6
+2. 80x10 ^R

l^SxlO^R1-6
+ 0.41x10 "3 R

S^xlO^R1-6
+ 0. 56xl0"3R

* Landon Smith, I. H. and Woodberry, B. (in press) The photoelectric metering of
wind blown snow, ANARE Report, Antarctic Division, Dept. of External Affairs,
Melbourne, Australia.

t Marshall, J. S. ," East, T. W. R. and Gunn, K. L. S. (1952) "The microwave prop
erties of precipitation particles" in Weather effects on radar, Air Force Cambridge
Research Center, Air Force Surveys in Geophysics, no. 23.
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CHAPTER VII. ELECTRICAL PROPERTIES

Deposited snow

Dielectric properties. The dielectric constant e is the ratio of the electric flux
density or dielectric displacement D to the field strength E.

The absolute d-c dielectric constant £s is completely determined by the ratio of the
capacitance of a snow slab Cn to the capacitance of an identical volume of free space,
which is close to that of air, Ca:

n c_ JJ _ n

es " E -—' - t1)
a

In alternating fields the vectors _D and _E are no longer in phase, and heat dissipa
tion occurs. To describe the dielectric behavior a complex dielectric constant _* is
defined:'

't — I . I I / T \e - £ - ie (2)

where e', the real part, is the dielectric constant
e", the imaginary part, is the loss factor and "
i = \TT.

A "snow condenser" subject to an applied voltage of angular frequency w may be
regarded as electrically equivalent to a capacitance Cu and a resistance Ru connected
in parallel. In this analog

C
• CO

C
a

coR C
co a

(3)

The loss angle 6, i. e. the angle between the total current vector and the charging
current vector, is given by

c loss current e" , ...tan 6 = —-——-.—; — = —- . (4)
charging current e

The fact that D and E_ are" generally not in phase in a-c fields results in part from
the inability of polar molecules to rotate instantly into the field. Thus this fundamental
process of dipole orientation may be investigated by studying the phase lag, or the re
laxation time t, defined as the time taken for polarization to decay exponentially to

— times its original value..
e .6 • . •

The relaxation time-is temperature-dependent and, in simple cases, obeys the .
rate equation

_____

T = A.e RT " - -•• ,-\- (5)

in which C2 is the activation energy (per mole), R is the gas constant,, and T is absolute
temperature. It is a matter of some interest that the activation energy of "dielectric
relaxation in ice is the same as that for mechanical damping, within the limits of ex
perimental error.

t The snow is assumed here to be isotropic. If it were" not isotropic,
then a tensor approach would be called for.
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Dielectric constant e.' and loss factor e".can be expressed in terms of the maxi
mum dielectric displacement D0 and the maximum field strength E0 .

D = D0 [cos (cot- 5) + i sin (cot- 6)] (6)Since

and E = E0 [cos cot +.:isincot]

D D
-' ^—' =:-=r- (cos 6 - i

E0

cos 6

5)

Hence
E0

Dr

and

As co — 0, e1, — 0 and e ' -* es, the static (or d-c) dielectric constant.

As to — oo, e' — e oo, the high-frequency (or "optical") dielectric constant.

If the substance has a single relaxation time t, it ..can be shown that

T
D = E0 - (es. - Coo) e

e<*> + 1 +icot

e - £c

1 + CO2 T2

1 +C02 T2

(7)

(8")

(9)

(10)

(ID

(12)

(13)

e" is a maximum when cot = 1, and the frequency, corresponding to £"max there

fore gives a value for relaxation time T. This maximum for e" can sometimes be
identified on a plot of e " against- co, but is more clearly, seen when e." is; plotted
against £' for a range of frequencies on.an Argand diagram.

' Cole-Cole plot or Argand diagram: Eliminating r from expressions 12 and
13 it follows that a plot of e' against _" for different frequencies will be a circle of
diameter £0 - e^, usually displayed as a semicircle. Such a plot proves to be. truly
semicircular for snow of very high purity, but for common snows, which contain "im
purities, the plot breaks away from the semicircular trace by displaying high values
of e" at low frequencies (Fig. VII-1, from Kuroiwa19):

Dielectric constant and loss factor as a function of frequency: Data on the
dielectric constant (i.e. the real part of the complex constant) as a function'of fre-
quency are summarized in Figures VII-2 and -3. In Figure VII-2 it is seen that e'
covers a wide range of values at low frequencies, but tends to a limiting minimum
value (eqo) for frequencies above lO5 cps.-At low frequencies the highest values-of" e l;
seem to be measured in dense and wet' snows. "An artificially prepared sample of
high-purity snow gave £' = 6 at f = 103 cps; slightly lower values were found for natu-;
ral snows containing some impurity, but of lower density. For most snows it appears
that the dielectric constant is very close to the e^ value for Debye dispersion at fre
quencies of 106 cps and above,, although Figure VII-3 shows ,a perceptible decrease
between 106 and 1010 cps for high density snows (y> 0. 6).. Figure VII-3 clearly shows
the effect of density on the optical dielectric constant, e^.
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Figure VII-1. Plots of e" against e' (loci of points plotted for various fre
quencies). Snow of high purity gives a semicirular trace in accordance
with theory, but common snows containing impurities do not conform at low
frequencies (frequency increases in a clockwise direction around the plots).

(From data by Kuroiwa, ref. 19)

Figure VII-4 gives data on e", the loss factor, -or imaginary part of the complex
constant. There is a broad correspondence with the e' plot, dense and wet snows giv
ing high loss factors at low frequency, and all snows tending to limiting minimum
values at a frequency of 106 cps. Most of the curves for dry snow show a maximum
in the frequency range 104 - 105 cps; the frequencies at which thes.emaxima occur per
mit the relaxation time, and hence the activation energy for relaxation, to be calculated.

Dielectric constant as a function of snow density: Figure VII-5 gives static
and optical dielectric constants according to Kuroiwa,lv» 2°' and high-frequency dielectric
constants found by Cumming12 and Yoshino.52 Cumming's data are for a very high fre
quency (~ 1010 cps), and can therefore be regarded as limiting high-frequency dielectric
constants for Debye dispersion; there is fair agreement with Kuroiwa1s determination,
considering the different temperature range (0 to -7C for Kuroiwa, -18C for Cumming)
and the probable difference in snow type. Yoshino's curve for a frequency 3 x 108 cps
can also be regarded as giving the high-frequency dielectric constant Eoo, although his
data for 1. 5 x 106 cps illustrate that the constant is still greater than the e value for
snow densities in excess of about 0. 55 g/cm3. , Yoshino's Eoo is much smalTer than
corresponding values by Cumming or Kuroiwa through the range of densities for snow,
but his limiting value for ice agrees well with that of Cumming. Since Yoshino worked
on Antarctic snow at low temperatures (-18 to -36C) it seems likely that his lower
values reflect a grain structure effect; in 'cold polar snow fine grain size and poor bond
development is common. An interesting feature of the Yoshino curve is the abrupt
change of slope which occurs at about 0. 55 g/cm3 density; many mechanical properties
of cold snow show a similar sudden change as density increases above 0. 55 g/cm3, an
effect attributed to the changed densification mechanism when the density for closest
grain packing is exceeded.

Snow metamorphosis effects: Density alone does not fully describe the structure
of snow, and there are several hints in the foregoing "data of dielectric changes result
ing from changes of size, shape and gradation of grains, and from changes of inter
granular bonding. Kuroiwa20 demonstrated the increase of dielectric constant and loss
factor which occurs as bond growth proceeds .by repeating measurements on the same
sample over a 6-day period. The results are shown in Figure VII-6, which also illus
trates how the snow structure changed. The effects of structure in a dielectric mixture
are discussed later.

Effect of free water: For any given snow density, the dielectric constant in
creases as the free water content increases. Both Ambach2 and Kuroiwa19 show a
linear relation between free water content and the increase- of dielectric constant above
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FREQUENCY,!(cps)

Figure VII-2. Dielectric constant e' as a function of frequency for various snow
types. (From data by Yosida et al.-, ref. 53, and Watt and Maxwell, ref. 48)

1. Wet snow, OC, y = "compact"
2. Wet snow, OC, y = 0. 38 g/cm3, : chlorine 25 mg/kg
3. -7C, y = 0. 38 g/cm3, chlorine 25 mg/kg '
4. Wet snow, OC, y =0.6 g/cm'3
5. Granular snow, -4C, y =0.41, chlorine 12. 5 mg/kg

(2- 4 mm grains) (in condenser 24 hr)
6. Granular (measured immediately)
7. -3C, y = 0. 40, chlorine 35 mg/kg (in condenser 24 hr)
8. -3C, y = 0.40, chlorine. 35 mg/kg (measured immediately)
9. New snow with dendritic crystals, -IC, y = 0.25, chlorine 15

10. New snow with .dendritic crystals, -IC, y = 0.095, chlorine 15
11. New. snow with dendritic crystals, -IC, y = 0.13, chlorine 15
12. Artificial pure snow, -8.5C, y = 0. 29

Note: 1 and 4 — Watt and Maxwell
2, 3, and 5- 12 — Yosida, et al.
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Dielectric constant e' as a function of frequency in the range
cps, with snow density as parameter. (After Yoshino, ref. 52)

the value for dry snow (Fig. VII-7). Ambach found a large increase of e' with increas
ing water content using relatively low frequencies (103- 105 cps), while Kuroiwa found
considerably smaller changes for the high-frequency dielectric constant. (The absolute
high-frequency constants are-much smaller than the low-frequency values. £' for water
remains fairly constant for frequencies below 109 cps, but e.'. for ice at OC increases
appreciably as frequency drops to about 104cps.)

Loss tangent as a function of frequency: Some available data for changes of loss
tangent with frequency.are presentedin Figure,VII-8. Kuroiwa20 shows an almost
linear decrease of lps:s ;tang,ent-with logarithm of frequency between 105 and 107 cps
although some curvature becomes evident when his data are-linked to a value'for 1010 cps
obtained by Cumming.12 Yoshino52 gives data for the range 106 to 1010 cps, showing a
rate of decrease in broad agreement with that of the Kuroiwa-Cumming interpolation

marked change of slope at about 108 cps, and the curves for various densities of snow
and ice converge as frequency increases.

• . Loss tangent as a function of snow density: Yoshino5 2found the logarithm of
the loss tangent to be a linear function of snow density in measurements at five differ
ent frequencies in the range lO^-lO10 cps. His data, for Antarctic snow at temperatures
between -18C and -36C, are given in Figure VII-10. In Figure VII-11 Cumming's data
have been replotted to show the effect of density; they are in broad agreement with
Yoshino s results, loss tangent increasing exponentially with density over most of the
range.

Loss tangent as a function of temperature: Figure VII-12 gives Cumming's
data on loss tangent as a function of snow temperature, with density as parameter The
frequency employed was 9. 4 x 109 cps. The loss tangent decreases exponentially as
temperature drops, and it appears that the curves are close to their asymptotic values
ior tan o at -loC.
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£"=86 at 4xl02\\
£"=105 at 2xl02 '

FREQUENCY,f(cps)

Figure VlI-4. Dielectric loss factor e" as a function of
frequency for snow types listed in Figure 2. (From data
by Yosida, et al. , ref. 53; Watt and Maxwell, ref. 48)
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PROPERTIES OF SNOW

0.3 0.4'. 0.5 0.6

SNOW DENSITY (g cm"3)
0.7 0.8 0.9

Figure VII-5. Dielectric constant e' as a function of snow
density. (From data by Kuroiwa, ref. 20; Cumming, ref.

12; Yoshino, ref. 52)

Loss tangent as a function of free water content: The loss tangent for wet snow
increases as the free water content increases at a frequency of 1010 cps. Figure VII-
13 gives Cumming's data for two different densities, with free water content varying
over the rather narrow range 0-1. 6% by weight.

Snow as a dielectric mixture: Cold snow is a dielectric mixture of air and ice;
wet snow is a 3-component mixture of air, ice and water. For any given density, the
structural arrangement of the ice grains can vary considerably, with consequent effects
upon the dielectric properties of the mixture (see Fig. VII-6). Kuroiwa20 has applied
Wiener's theory of dielectric mixtures to dry snow, so that grain structure is described
by a "form number" for dielectric purposes. r

If p is the proportion of the total snow volume occupied by ice, field strength E and
dielectric constant e of the mixture may be given in terms of the corresponding values
for ice and air alone (designated by subscripts 1 and 2 respectively):

E = PE, +(l-p) E2 1
(14)

Writing

gives

;E = £1 pE! + E2 (1 -p) E2

El
e2

- £2

El

+ U

+ U

£ - 1
£ +U

- P(ei.-l) ^ (1 -p)(e2 -1)
+ u£1 £2 + U (15)

in which u is the form number, varying between the limits zero and infinity. The value
zero represents ice distributed as a set of parallel ice rods separated by air, lying
parallel to the plates of a simple condenser. The value infinity represents a set of
parallel ice rods, separated by air, running normally between the plates of a condenser.
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CYCLE /SEC

93

ICE-BONDING IMMEDIATELY
AFTER PACKING

ICE-BONDING AFTER
143 HOURS

Figure VIl-6. Dielectric constant e' and loss factor e" as a function of frequency
with "age" as parameter. The insert shows how the snow structure changed dur

ing-the period of study. (After Kuroiwa, ref. 20)

Knowing ;the dielectric constants of ice and air for any given frequency, eq 15 can
be used to define the limits of £ for snow of any density at that frequency. On a plot of
e against density (or p) the higher limit of the envelope (u =' oo) is convex upward and"
the lower limit (u = O^is convex downward. ." " •
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FREE WATER CONTENT ( PERCENT BY WEIGHT)

Figure VII-7. Increase of dielectric constant with free water con
tent in snow. (From data by Kuroiwa, ref. 19; Ambach, ref. 2)

I0e I07

FREQUENCY (cps)

I i | ii iJ-

Figure VII-8. Loss tangent as a function of frequency in the range 103- 1010 cps.
1. Kuroiwa y = 0. 3 g/cm3, Q= _4C; 2. Kuroiwa (Broken line joins Kuroiwa's
data to Cumming's data for 1010 cps.) y = 0. 3, 9 = -12C; 3. Kuroiwa y =0.3,
9 = -22C; 4. Yoshino y = 0. 32, 9 18 to -36C; 5. Ambach. (From data by
Kuroiwa, ref. 20; Yoshino, ref. 52; Arabach, ref. 2)
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FREQUENCY (cps)

Figure VII-9. Loss tangent as a function of"
frequency in the range 106- 1010 cps, with
snow density as parameter,

" ref. 52) "
(After Yoshino,
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Figure VII-10. . Loss tangent
as a function of density, with

frequency as'parameter.
(After Yoshino, ref. 52)
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Figure VII-11. Loss tangent as a function of
density with snow temperature as parameter.

(From data by Cumming, ref. 12)
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gure VII-12. Loss tangent as a function
temperature, with density as parameter.

(After Cumming, ref. 12)
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Figure VII-13 Loss tangent as
a function of free water content.

(After Cumming, ref. 12)

Conductivity.

Alternating current: In a dielectric such as snow,, the equivalent conductivity
for alternating current o"e is determined by the dielectric properties. It can be ex
pressed as

tre = 5. 5 x 10 13 f e " ohm" x cm-1

or, (16)

= 5.5 10 -13 tan 6 ohm"1 cm-1

where f = frequency (cps).

Equivalent a-c conductivity can therefore be obtained readily from the preceding
dielectric data.

Direct current: The d-c conductivity (or d-c specific resistance) of snow
varies with density, temperature, and free water content, and almost certainly with
chemical purity and grain structure, though no systematic data for these two last
factors have been found.

due

0

In Figure VII-14, available conductivity data are summarized by plotting d-c con
ctivity against snow density. Most of the values for snow in the density range 0. 2-
7 g/cm3 lie between 10"7 and 10-10 ohm"1 cm-1, and conductivity is seen to increas. and conductivity is seen to increase

with density, as would be expected.

In Figure VII-15, results obtained by Kopp17 are used to show the increase of con
ductivity with temperature. The data show a linear relation between temperature and
logarithm of conductivity for temperatures below -8C, with conductivity increasing
with temperature at a considerably faster rate for temperatures above -8C. For the
low temperature range, Kopp adopts a form of Arrhenius's equation to.relate conduc
tivity and temperature.

Tsuda45 has given a plot of conductivity against free water content (Fig. VII-16),
but has not separated the effects of density change. It appears that his curve begins to
illustrate free water effects at its upper extremity, but at the lower extremity .the
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Figure VII-.14. D-c conductivity plotted against snow density for
various snow types. (From data by Kopp, ref. 17; Roethlisberger,

ref. 30; Shimoda, ref. 37; Tsuda, ref. 45; Vogtli, ref. 47)
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TEMPERATURE (C)

Figure VII-15. D-c conductivity as a
function of temperature, with density
as parameter. (After Kopp, ref. 17)
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Figure VII-16. D-c conductivity plotted
against free water content.' Density
changed at the same: tirrhj as water con
tent, as shown by the inset. (From data

by Tsuda, ref. 45)

conductivity increase seems to result mainly from density increase. The converse
applies to Tsuda's curve for conductivity as a function of density in Figure VII-14.

Kopp concludes from his series of experiments that d-c conduction depends on the
surface properties of the ice grains in snow rather than upon the internal nature of the
grains and the ice bonds connecting them.

Falling and blowing snow

Electrical charge on suspended snow particles. Frequently, snow particles sus
pended in air are electrically charged. The charges on individual particles vary in sign
and magnitude, but there is usually an overall imbalance, which may lead to considerable
modification of the "fine weather" atmospheric field*, and to net transfer of charge to
the earth's surface.

Early experiments were concerned mainly with measurement of partible charge,
and with the influence of grain size, crystal type, and prevailing meteorological condi
tions. The search for a simple correlation" between charge and snow particle charac
teristics was apparently unprofitable.

More recent research, stimulated largely by attempts to explain thunderstorm
electricity, has been concerned more with physical processes which produce charge
separation. These include transfer of electrons by surface friction, selective capture
* The field created by the potential difference of 360, 000 v or so between the earth's

surface (negative) and the conducting layers of the upper atmosphere (positive)
Potential gradient is of the order of lOOvm"1 near the surface; it decreases with
altitude.
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of free ions by adsorption, ionic selection at a freezing interface, fragmentation by
collision or freezing stress, and preferred diffusion of ions under a temperature
gradient.

One of the most thorough studies appears to be that reported by Latham and
Mason in 1961 21'22 It was found that, in ice subject to a temperature gradient, a
gradient of ionic concentration is set up due to more rapid diffusion of positive hydro
gen ions, so that the cold end becomes positive and the warm end negative. It was
theoretically predicted, and experimentally confirmed, that charge density on the ends
of the ice specimen is 5x10-5 || e. s. u.*/cm2, where -^- is the temperature gradient.
Where two grains at different temperatures are brought into temporary contact the
warmer one becomes negatively charged and the colder one positively charged. Maxi
mum charge separation occurs for a contact time of 10-2 sec-, and the charge declines
with^more prolonged contact. Traces of carbon dioxide or sodium chloride in the
warmer piece increase the charge separation, while the charge separation is reduced
if the impurities are in the colder piece. •"••.'"

It was also found that when small ice crystals collide with a* hailstone it becomes
negatively charged if it is warmer than the ice particles, and positively charged if it is
colder than the ice particles. The magnitude of the charge is proportional to the tem
perature difference, but is not strongly dependent on the size and impact velocity of the
ice particles. With a'temperature difference of 5C a 50 \± diam ice crystal produces,
on average, a charge of about 5 x 10"9 e. s. u. It was confirmed that when supercooled
water droplets (colder than -6C) freeze on a hailstone, minute positively charged ice
splinters- are ejected and the hailstone receives a negative charge.

Latham59 believes that the temperature gradient theory can adequately account for
the observed features of snowstorm (and possibly also sandstorm) electrification, and
he has used the theory to interpret the somewhat confusing reports from earlier investi
gations (see below). Latham and Stow61 also report confirming experiments in which
air at various temperatures was blown over a bed of snow at -20C. The larger particles
of blown ;snow were always positively charged, but on the small blown fragments the sign
of the charge was determined by the sign of the temperature difference between the air-
stream and the snow surface (small fragments were, negative when the air stream was
colder than the.snow bed). Charge became greater as air jet velocity increased, but
charge was reduced as air temperature neared the melting point. A very.brief chron
ological summary of some relevant literature is given below.
1910: Simp.spn38 reported that the charge per-unit mass is greater for snow than rain,
and that more positive than negative charge is transferred to ground by snow.
1912: McClelland and Nolan27 associated negative charge with small snowflakes, posi
tive charge with large snowflakes. '^-..

1913: Schindelhauer36 found the preponderant charge to be more often negative than
positive. ..-.•. •• • •"

1920: Gschwend13 reported that small particles are predominantly negative and large
particles predominantly positive in steady snow, while the potential gradient is usually
positive in steady snow. The charge on newly-formed snow was found to be much
larger than the'average on quietly falling "aged" snow. McClelland and Gilmour found
snow to be usually negative, small hailstones always negative, and large hailstones
always positive.

1925- Stager-.reported small particles positive, large particles negative, but. reversed
this finding in another paper.41'42 He found that charge increased with wind.speed,. and
the potential gradient over snow was mostly negative. Kahler and Dorno studied pul
verized snow and found small particles negative, large particles positive.
1934: Nakaya and Terada31 found an excess of negative particles, except when water
droplets were.attached; in.this case there was an excess of positive particles. . No
effect of particle size was detected.

* Electrostatic units
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1938: Chalmers and Pasquill10 reported that the average charge per particle is greater
for positive "than for negative particles.

1946: Dinger and. Gunn57 passed, air over melting snow made artificially from-freshly
distilled water, and found that the air acquired negative charge while the snow was left
positively charged.

1947: Chalmers-and Little9 found an almost even balance of positive and negative charge
in snow and sleet over a 14-month period. The charge was more often negative in snow
showers, and positive in continuous snow.

1948: Workman and. Reynolds49 showed that water drops impinging on ice gave negative
charge to the ice, the rejected droplets being positively charged. Rossman35 suggested
that the components of large snowflakes unite by electrostatic attraction.

1949: Pearce and Currie33 reported net negative charge on snow blowing over the
surface; snow blown against either settled snow or metal develops negative charge on
the heavier particles and positive charge on very small particles or ions. They found
more positive than negative particles falling, and also a large number of neutral flakes.
Simpson40 reported only slight disturbance of the normal atmospheric gradient in light,
steady snow. Tverskoi46 determined that, overall, snowfall carries a net positive
charge. '""•''

1950: Workman and Reynolds50 discovered that charge separation occurs at a freezing
interface between ice and contaminated water. Anikiev5 6 found charges of the order of
10~3 e. s. u. on snow particles of mass approximately 0. 1 mg.

1951: Gunn14 reviewed available data and described a difference in sign and magnitude
for charges on snowflakes falling at different speeds. Reynolds and Workman34; produced
charge separation by allowing supercooled droplets of water contaminated with sodium
chloride to strike cold'hailstones.

1952: Chalmers7 found that rubbing snow on snow gave negative charge to the larger
disaggregated particles. Workman and Reynolds51 discussed the potential difference
between ice and water at a freezing interface, interpreting it as a result of the in
corporation of foreign ions from water impurities. "

1954: Cherniavskii11 reported that snowflakes lying on the surface of the Fedchenko
Glacier preserve positive charge and reverse the potential gradient. Kulagin18 using
20 years of data-for Tashkent, found positive potential gradients with snow in 7 5% of the
cases.

1955: Norinder and. Siksna32 reported "invisible" snow particles mostly positive. Charge
on 2 mm diam particles was 3.3 x 10~4 e. s.u. , giving charge/mass ratio of approxi
mately 0. 1 e. s.u. / g. Israel, Kasemir and Wienert15 found that dry snow produced by

. sublimation was always positive, while wet snow was negative. Intermittent falls of dry
and wet snow, or of graupel and rain, cause electrical storms.

1956:: Chalmers8 reported total current negative downward during snow. -Magono, et al.24
proposed selective ion capture in the atmospheric field as a charging mechanism, and"
Magono23 considered friction,, phase change, and ion adsorption as charging processes.
He. observed that negative snow falls quietly with a positive field when weather conditions
are stable, and positive wet snow, ,with variable field, falls when weather conditions, are
unstable.

1957: Barla5.found needle, prism and plate crystals occurring in a positive field and
carrying negative charge. Stellar crystals were observed mostly in negative or neutral
fields, and were mainly negatively charged. Flakes were most common in neutral fields
(positive charge), less common in negative fields (neutral charge), and rare in positive
fields (negative charge). Snow pellets were mostly ppsitive; they were usually in nega
tive or neutral fields, rarely in positive fields. Dolezalek55 reported high charges on
blowing snow with air temperature below -11C. Charge was invariably positive on snow
picked up from the surface by wind, but charge of either sign was present in snow blown
while falling. Like Barrel Dolezalek found electrical stratification and occasional
polarity reversal in blowing snow.
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1959: Adkins1 reported the potential gradient over the Salmon Glacier to be almost in
variably positive in snow, negative in rain. He suggested that melting of snow may be '
accompanied by release of negative charge to air (Dinger-Gunn effect). Astapenko4
described flashes of yellow light and tinges of green color on the Rosslce Shelf after
blowing snow. •'•••"".

I960: Mason and Maybank62 measured the charges on ice particles and ice fragments
formed when supercooled droplets freeze and shatter. They concluded that the effect
does not contribute appreciably to thunderstorm electricity.

1961: Latham and,Mason21'22 investigated charge separation and transfer produced by
temperature gradients 'in ice particles and between colliding particles (see text above).
They applied their findings, to a theory pf thunderstorm electrification...

1963: Evans and Hutchinson58 froze supercooled water droplets and measured ,the charge
on residual and fragmented ice particles, obtaining results comparable to those of Mason
and Maybank62. The charges were considered to be too large to be. accounted for by the
Latham-Mason temperature gradient theory21. Mathews and Mason63 failed to confirm
the Dinger-Gunn effect in their experiments .(see' 1946 above), although a subsequent ."
letter from Dinger ascribed their failure.to C02 poisoning of the samples used.' Herman54
deduced from analysis of radio noise data for Antarctic" blizzards that charge density
with blowing snow and winds of 20-30 m/sec is about 5 x 10"10 coulombs/m3. The charge
on individual snow particles is in the range 10"16 to 10"14 coulombs, and-the average
charge per particle is about 2 x 10 "15 coulombs. . The charge carried per unit mass of
snow is about 3 x 10"10 coulombs/g. - . . ,

1964: Latham60 attempted to reconcile the results of-Evans and Hutchinson (see 1963)
with the temperature gradient theory. Latham59, also reviewed some of the earlier liter
ature and interpreted-the findings on electrification in snowstorms and sandstorms in
terms of the temperature gradient theory. He and Stow also reported61 experiments
which showed that snowstorm electrification is strongly affected by temperature differ
ences between the air and the blown snow". " 'r- ''

Charge transfer to aircraft and antennas.. When an, aircraft flies through a cloud
of snow or ice particles it becomes electrically charged; a fixed antenna is similarly
charged when snow blows past it. Very high voltages may be built up, leading to corona
discharge (St. Elmo's fire, brush discharge) at points of highest charge density. Dis
charges of this kind are a source of serious radio noise ("precipitation static") and may
make intelligible'reception impossible. Such noise is particularly bad in the MF/HF
band, and is less serious for VHF.

Work'by the Army-Navy precipitation static project14 led to the conclusion that
charge on aircraft results from proximity to highly charged' clouds and from contact with
snow' and ice particles at low temperature'. When an aircraft passes^ through snow it de- .
velops a'negative charge, and the snowflakes streaming from it become positively charged.
The charging rate varies with the surface characteristics of the aircraft skin, and it is
proportionalto the snow density (mass of- snow per u:iit volume of air)' and the cube of air
speed. -The charging fate is small at temperatures near the-freezing point, but increases
as temperature drops to--15C. It has also been found that rime'formed by contact with
supercooled water droplets is negatively charged, corresponding positive charge-being
carried away on the fragments rejected-after freezing".

Barre6 studied the charging of antennas in Antarctica, finding that falling snow usu
ally produced positive charge1, while blowing snow (apparently assumed to be-picked up
from the surface) gave negative charge with light winds and positive charge -with'strong
winds. Charge rate was found to be linearly-related to windspeed and to snow density.

Mellor obtained a correlation between charging rate for a horizontal antenna and
the mass flow rate* of blowing snow at the. same height, and suggested that charging rate

* (Density of suspended snow) x (wind/velocity)
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is also dependent on temperature and kinetic energy of the snow particles.29 This corre
sponds to the findings for aircraft, since it implies a dependence on the cube of wind-
speed. With abundant snow supply and constant temperature there should be a close
correlation between windspeed and charging rate for antennas close to the surface,
since it has been shown that snow density is an exponential function of windspeed at some
fixed reference height (anemometer height).

Asami, Kurobe"and Nishitsuji advise that radio noise from static discharge can be
prevented by smoothing the surface and tip of the antenna, and by insulating its tip.
Takahashi and Mitobe43 confirm that the strength of radio noise decreases with increasing
frequency. Magono and Takahashi25 studied antenna charging, and concluded that it
results from falling snow particles acting as ion collectors. Herman54 finds radio noise
level to be inversely related to frequency between 51 kc and 20 mc.
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