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Snow is one of the most variable substances found in nature and
consequenily one of the most complex. A high degree of compressibility
and thermodynamic instability are two of its dominant characteristics,
Examples of these and other characteristics are available from a variety
of field and laboratory measurements. New snow erystals begin (o
change as soon as they collect on the ground or the old snow sur face.
The type and raie of change depends primarily on temperature
conditions. The development of several snowpack types will be
presented with emphasis on their respective layered structure.  How the
layers are formed and why they possess their particular physical
properties will be discussed. Layering is the combined effect of the
pacticular meteorological conditions at the time of new snow
accumulation and changes {metamorphism) which occur within the snow
cover due 1o variation in overburden pressure and temperaturs
Processes involved in three distinct types of metamorphism will be
described.  The concept of the layered structure as the basis for slab
avalanche formation will be introduced.

Mechanically, snow cxhibits visco-elastic properties.  The viscous
gualities of snow allow it to deform slowly, In some Cases, without
fracture. The elastic properties of snow allow energy 1o be stored (as in
a stretched rubber band) and this sets the stage for the brittle type
fracture (as a pane of glass would break) associated with slab avalanche
release, While many materials have well defined failure criteria (e.g., a
definite fracture stress can be determined), snow does not. How snow
reacts lo the application of stress is determined by its complex and
interrelated physical propertics as well as the rate of stress application.
When snow lies on a slope the relationship between strength and stress
becomes imporiant. In general, the stress condition is simply related to
the mass of snow on the slope and the slope angle, but strength is
controlled by the complex properties of numerous individual layers.
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The International Classification for Seasonal Snow on the Ground has
been developed by the I[nternational Commission on Soow and lee
(TAHS} and its use is generally accepted. The features used to classify
snow inclede: density, temperature, grain size, hardness {(strength), and
free water content which in one way or another can be determined in a
reasenably quantitative fashion; and, finally, grain shape or type, which
must be deermincd by means of an  accepted morphological
classification scheme,  While the international classiication of grain
tvpes is generally understood and accepted by experienced field workers,
the physical processes responsible for the development of these
respective stages of snow metamorphism are often unclear or confusing.
In the tollowing discussion the intent 18 to combine the nternational
classification of grain wpe or morphology with a description of the
posstble processes which may lead from one identifiable form (o
anather

b e

with air and water vapor and sometimes, lhiquid water, Many of the
unigue properties of snow are due to the face that, unlike most other
solid materials found in namre, the ice contained in snow is normally
encountered at temperatures close to 18 melting point.  Because of this
fact, the water molecules making up the ice particles are relatively fres
Ly move around on the ice surface or to actually leave the we structure
and sublimate inte the vapor phase. As a result of thiz mobility, water
maolecules will eventually be redistributed within & given volume of snow
such that the original shapes disappear and distinet pew forms are
created., This process 15 called snow metamorphism and it begins as
soon 45 the snow reaches the ground or the old snow surfece, The term
metamorphism”™ means the same as it does 1n geelogy, the changes in
texture which cccur as a result of temperature and pressure.

Snow is a porous, permeable aggregate of ice grains with its pores flled

The rate of metamorphism depends primarily on temperature; the closer
the temperature is to O degrees C, the faster the change. The process
behind these changes involves sublimation at certain locations on the
snow grains and deposition at others. Within a given subfreezing snow
layer, once the new snow crystals have lost their original shape, the
individual grains will tend toward one of two general forms, They may
become smooth, reunded grains with average diameters of abour 1.0 mm
or they may become coarse, angular, or faceted grains with average
diameters between 2 and 6 mm or larger. Which path of metamorphism
a given snow layer takes is of importance in avalanche hazard evaluation
because the rgunded, smooth grains tend 1o ¢reate a snow texture which




gains strength with time, while the coarse, angular grains show little or
no gain in strength with time. What then are the conditions which

. determine the specific metamorphism of a given layer?

Let us first have a look at how the original shape of the new snow
crystal is lost. In order to describe this process in derail we will begin
with the well accepted assumption that the air within the pore space of
the snow is nearly saturated with water vapor with respect o ice at the
prevailing temperature. This means that the same number of water
molecules are leaving the ice surface as are arriving back at the ice
surface (100% relative humidity). When viewed on a large scale, the
systemn is in balance. This is not the case at the microscale. This is
because the total number of water vapor molecules (vapor pressure)
which can be supported in a saturated condition just above the ice
surface is influenced by the shape of the surface. More molecules can
be supported above a surface with a high positive curvature,
{convexities, sharp corpers, small grains) than over a flar surface, and
more melecules can be supported over a flat surface than over a surface
with a high negative curvature, (concavities and grain contacts).  Thas
difference in vapor concentration causes a net flow of molecules from
the locations of higher concentration to those of lower concentration
resulting in the loss of sharp angles on the crystal faces and the gradual
development of a more rounded or isometric shape. However, 1t s
currently believed that this process is of importance only when radu of
curvamure (positive or negative) are very small, e.g., 1.0 w0 100.0
microns.!  Such radii would be typical of the angles on the arms and
branches of new unrimed stellar ¢rystals.

About the time the original shapes of the new snow crystals are no
longer recognizable and the sharpest angles (smallest radii of curvature)
have been lost, the influence of surface curvature begins to diminish. At
this point the specific course of metamorphism to be followed by a given
snow layer will be primarily determined by the temperature gradient, A
temperature gradient is the varialion in temperature with distance
measured up or down in the snow cover. In a natural snow cover, the
temperature gradient usually varies from warmer pear the ground to
colder near the smow-air interface, As was shown in the section on
meteorology, warm air can hold more water vapor than cooler air.
Therefore, the air which fills the pore space within snow cover near the
ground contains more water vapor than is contained within the colder
layers above. In terms of conditions at the surfaces of the individual ice
grains, this means that the concentration of vapor is greater adjacent (0

L0001 1o 0.1 mm)




the grains in the warmer layers than it 15 adjacent 1o the vooler grains
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presence of a sirong (emperature gradient, grain growth occurs hy the
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graing disappear creating fewer but larger grains. [his process used to

be referred 1o as "Temperature-Gradient (TG) Metamorphism.” because
the bulk of the vapor transfer results from temperature gradients in the
IO ver., However. this termm 5 somewhat misleadine since all snow
metamorphism outside the labocatory takes place in the presence of a

cast a small temperature gradient. Thus, we now simply refer (o this
process by the crystal forms associated with it “Faceting"” A
sustained strong temperamire gradeent (20-40 degrees C/m) in pew low
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rate of crystal growth s acrually controlled by the vapor
gradient, which is itself determined by the overall temperature
conditions, The relationship between emperature and vapor pressure is
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a temperature gradient of 1\ s L/m may result in moderately rapid

crystal growth 1f the average temperature of the snow layer is very close
o U degrees C. At mid-latitude sites, this would commonly occur in
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gradient and associated crystal growth rate, If, for example, the average

temperalure of the snow layer decréases from pear O degrees © o -2

gegrees L, the icmperaiare gradient muost be mcreased nearly five nn

m order (@ provade the same vapor pressure gradeent, (Sec Figure |

When the temperamure-gradient is less than about 10 degrees C/m, the
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rate 5 a grain with smooth surface features and a rounded shan
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approached. This 15 in contrast to the process just described where

strong temperature gradients and rapid growth rates produce highly
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and distinctive coarse, angular grains result. This slow growth proc

was previously known as “Equitemperature (ET) Metamorphism®
However, it does occur in the presence of a weak temperature gradient

{in fact, when theére i85 no (emperature gradient the process 15 slowed
significantly), so we now refer to this process simply as ~“HKounding
in the presence of 2 weak iemperalure gradient, another process known

to occur is sintering. Sintering is the growth of bonds between the
grains producing an increase in intergranular strength.  When the
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concavities at the grain confacls aré m the form of sharp, nezaiiv
angles, the simiering process will be ériven by differences m curvature

25 described above. In this case, molecules migrate from the flat or
slightly convex surfaces to the sharp, negative angles of the grain
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contacts. As the vapor deposits at these locations, the bonds or necks
botween the prains prow and strength incrcases I his process will [ake
place m the gradicnt, but i 15 understood

take place at a sliphtly accelerated rate 1n the presence of a weak
temperature gradient, (less than 10 degrees C/m). In the presence of a
strong lemperaiure pradient, the rapid movement of vapor apparently
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[n summary, the average temperature of the snow layer determines the
rafe of metamorphism, being faster the closer the temperature 5 to |
degrees C, while the temperalure gradient delen the fype of
metamorphism. Stromg temperature gradients cveniually produce large
faceted, and poorly bonded grains while weak temperature gradients
result in relatively small, smooth, rounded grains with some degree of

intergranujar bondine.
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cm’ of water that refreezes, B0 calories are released. This armount of
heat has the capacity to increase the temperamre of more than 400 cm’
of snow by 1.0 degrees C.° In addition, the glaze or crust formed by
rain falling on cold snow will decrease the albedo of the snow, thus
increasing the amount of solar radiation which can be absorbed at the
snow surface,

With respect 1o avalanche release, the primary significance of rain on
snow is the addition of weight to a slope. A moderate to heavy rainfall
often provides additional mass to a slope much more rapidly than typical
snowfall rates. In addition, the added weight of the rain does not
provide the additional tensile stirength that would accompany a layer of
NEw SNow

-~y ' n
JIWhen cre gram of water refreezes, B0 calories of latent heat are released. The specific heat of ie is 0.3

calerie/depree C which means that only 0.5 calorie is required 1o raise the tempecaure of one e of ice |
degree C. Therefore, the refreezing of one gram of water (which is equivalent 1o | em® of water) releases encugh
heat to raise the temperature of 160 grams of ice § degree C, (80 calories- 0.5 calories). Omne hundred sixcy
grams of ice are equal 1o 174 cm?® of solid ice in terms of spow with a density of 400 kg/m® would be 435 cm’.
Therefore, the refreezing on only | gram of water would have the capacily (0 warm a volume of snow about 7.6
cm o a side (=435 cm?’) by | degree C.
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THE MOUNTAIN SNOWPACK

Celossary

Crystal: A substance which has solidified with its molecules or atoms arranged in an orderly
array. An example is the new snow crystal which is a single crystal of ice which grew by
vapar deposition in the atmosphere.  As metamorphism proceeds in snow on the ground,
special techniques are often required to identify single crystals. Various influences may altes
the external morphology of a crystal but the internal form remains unchanged

Deposition: The process by which a vapor changes from its gascous state directly to the sehd
srate without having passed through the liquid state. In the case of snow, this process allows
the mass transfer associated with metamorphism to occur in a subfreczing snow cover.

Elastic Deformation: Behavior characteristic of a solid, resistance to change in shape
Deformation is recoverable, ie., the material will resume its original form and dimensions
when the forces acting on it are removed,

Failure Criteria: For many materials, a failure criteria has been established which indicates
the amount of loading which is required to initiate failure. However, with snow fthis
relationship is highly dependent on snow density, grain type, temperarmure, as well as rate of
lpading. Consequently, no conventional failure criteria for snow has been established,

Force: Any action that alters, or tends to alter, the state of a body at rest of its uniform
motion in a straight line. The Newton (N) is the unit of force and is defined as the force that
provides a mass of one kilogram with an acceleration of one meter per second

Fracture: In terms of an avalanche release, an initial fracture will occur within a localized
portion of the snow cover at that moment when siress equals strength.  Becavse the location at
which this initial fracture has taken place can no longer accept any further stress, the load
experienced by the adjacent smow structure increases. If this additional stress cannot be
sustained by adjacent smow layers, crack propagation begins. Thus, stress redistribution
resulting from the initial fracture may produce crack propagation and secondary fracture which
in turn may lead to an avalanche release.

Grain: The visually obvious subunit or particle in snow on the ground. Strictly speaking,
grain and crystal cannot be used interchangeably. A grain may consist of one crystal or
several.  In poorly bonded snow, disaggregation occurs at grain houndaries and thus the
identification of separate grains can be easy and precise. However, when the snow becomes
bonded into a complex three-dimensional network, the location of grain boundaries becomes
much more difficult to determine. When referring to individual particles in the snow cover,
the term grain is used in preference to crystal which has more specific meaning.




Strain:  The change of volume andfor shape of a body due to applied forces.  Strain is
expressed as a ratio of dimensional change compared to the original or unstrained dimension.
Typical strain rates in a snow cover resuliing from snowfall (settlement) are 10 "lsec

(approximately 0.1/day), from explosives 10 gec, and from crack propagation 1/sec.
PE h ’ P : -

Stress;  Force per unit area expressed as Newtons per square meter {N/mg), which is
eguivalent to Pascals (Pa). With respect to avalanche release, it 1s the localized stress

concentrations in a release zone which are important rather than the average stress across the
entirg snow slope.

Structure: In terms of & snow cover, it is intended 1o refer to the layering or stratigraphy.
Sublimation: The opposite of deposition, the process by which a solid changes directly into
the vapor without passing through the liquid state. In the case of the subfreezing snow cover,

this is the process which allows change directly from solid ice to water vapor.

Texture: The shapes and the relationships among snow grains or crystals in a snow cover; for
example, crysial type and the presence or lack of honds.

Thermodynamic Instability: The tendency to shift to a lower energy state.
Vapor: A substance in the gaseous stale which may be liquified by increasing the pressure

snd/or decreasing the temperature.  (Technically, such a gas must be below its "critical”
temperature if it is to be liquified by increase in pressure alone. )

Viscous Deformarion: Flowing as a fluid-like material, ability to change shape readily.
Deformation is continuous and remains when the forces are removed. A viscous material will
undergo irreversible shape changes under any stress.
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dry classcs since the presence of liquid water greatly changes the
appearance of, and most of the properties of snow, [ further divide all
snow grains into “Basic™ or “Mixed” which is arbitrary since all of
these shapes are on their way to becoming something else. However, |
consider the Basic Shapes to form the basis for understanding what we
usually observe in snow. The other group, Mixed Shapes, [ think of as
less stable, and more likely 1o change into one of the Basic Shapes as
soon as conditions permit. These Basic Shapes often survive for a long
time in this form:

l. Buried Graupel: Layers of buried graupel can persist for a long
time in the snow cover because the particles are fairly large when
they fall and therefore are slow to metamorphose into someihing
else. Because of their large size, graupel particles are also slow (o
bond to their neighbors. The particle itself consists of well-bonded,
frozen water droplets.

. Surface Hoar: This grows on the surface of the snow cover (Fig. 3)

during episodes of rapid vapor deposition from the overlying air

mass, These are planar crystals, sometimes rather large, and, if left
standing upright, do not sinter readily even once they are buried.

This appears to be a result of both their large size and the fact thac

they can retain their orientation and separation once buried. These

and cavity hoar are the only crysials that grow twio-dimensionally 1n
or on the snow Cover.

Rounded Grains: These grow in dry snow (Fig. 4) at low growih
rates as determined predominantly by a small temperature gradient
and secondarily by a high density. This is the stable or the
“equilibrium form” of the ice crystal which minimizes the surface
free energy and sinters spontaneously.

4. Faceted Grains: These grow in dry snow (Fig. 5) at higher growth
rates as determined predominately by a larger temperature gradient
and secondarily by a lower density. This is the “kinetic growih
form” whose shape is dictated by the kinetics of growth, and not by
phase equilibrium. These grains grow above a critical temperature
gradient while they consume the existing grains; thus the snow layer
loses its strength. The faceted grains do not readily sinter during
their growth phase and are often too large to sinter rapidly after the
rapid growth ceases, While there may pnly be one rounded shape,
there are many different shapes of faceted crystals since the exact
shape depends on the growth rate and probably on the density,
history and temperature (oa. Fora given set of conditions, there
appears to be a faceted shape which corresponds to those conditions,
but we cannot yet relate each shape 1 a set of conditions with great
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certainty. One such shape is only partly faceted because the growth
rate is not quite sirong enough o produce the fully faceted shape.

5. Wind Crusts: Initially, these consist of small fragments (Fig. Ga)
which, at higher temperatures, quickly become small, well-rounded
and well-sintered grains (Fig. 6b). The rounded graing are stable 1n
spite of their small sizes becanse faceted growth does not occur
readily in dense layers where the grains are well connected.

6. Ice Layers: These form when water infiltrates the snow cover, is

absorbed by a fine-grained layer such as a wind crust, and then

refreezes. Ice lavers are persistent since they are very dense and no
readily subject to change. They can disappear in dry snow if the
temperatere gradient is sirong enough for long enough, and in wet
snow they can lose strength by absorbing solar radiation. They are
discontinuous horizontally and may occur at various heights if there
are many layers and freeze-thaw events.

Grain Clusters: Ar low liquid contents which correspond to high

liquid tensions, grain clusters (Fig. 7) form spontaneously to

minimize the surface free energy. These are clusters of single
crvstals of ice, each crystal being identifiable by its rounded shape.
connected to its neighbors by ice-to-ice bonds of considerable
strength and separated from neighboring grains by boundary grooves
filled wath water.

8. Slesh: As liguid coment increases there is & ransition irom &
conlinuous air path 1o 2 continuous water path through the pore
space. Then ice bonding in grain clusters disappears as a
cahesionless collection of single crystals of ice evolves (I'ig. 8). The
grains tend to grow rapidly o about 1 mm in size where the driving
force for growth, the effect of size on melting temperature, 15
reduced.

[11. MIXED SHAPES
Although the average size is probably always increasing, the shapes
described above are relatively stable. [ think of all other shapes found in
snow as transitional shapes, shapes which only exist temporarily while
the grains are on their way 10 becoming something else relatively

quickly:

1. Precipitation Fragments: These are remnants of the precipitation
(Fig. 9) that fell to form the snow cover. Since the shapes which
form in the atmosphere develop under conditions which are very
different than the conditions in the snow cover, it is not surprising
that most of these shapes disappear once they reach the ground
They tend to have too much curvalure survive ynder their new
conditions,
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mixed erowth forms resulting from changing growth conditions. A
mixed growth shape can look like the partly faceted growth shown in
= 100

Figure 5a or the melt-freeze particle m Figur
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For example, sintering occurs much more readily in linc-grained

snow, fresh snow rounds off more rapidly because of hig h curvature
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rapid growth leading to hoar shapes. At lower elevanions water
vapor 1s more plentiful but snow surfaces do not cool as much
because of the overlying aumosphere. At higher elevations the
surface cools more, but thers is not much water vapor available for
deposition. Thus surface hoar formation requires special
circumstances 1o produce just the right combination of strong cooling
with an ample vapor supply, probably brought in by a light wind.
These restrictions on the conditions for surface hoar formation arc
fartunate since buried surface hoar forms a ".ILE:-IH[LIIL weak layer
which reduces snow slope stability

0. Microstructure: We are still learning how to quantify microstructure
and how to think about its influence on the physical properties of
snow. [t 15 clear that the interconnec ciedness of the grains and the
eviztence of chains 'ifi";’.fﬂ'“'-ﬁ are immporiant. However, il 15 less clear
what phservations (o make, how to get quantitative |::Ic_||'1|:ul;-::-r'.- from
thase ahservations, and how 1o apply this information to describe the
forces that shape the graios.

BASIC PRINCIPLES
The basic principles which must be understood come from studies of the
thermodynamics of equilibrium ameong Wo or three phases and from
studizs of erystal growth. While the details of these fizlds are difficult
1o understand, application of the general principles should be easy
because we already understand what aciually happens in snow.
However, we still peed a formal way of thinking about it. The basic
principles can be separated into these parts:

1. Phase equilibrium: There arc two phases of water in dry snow - ice
and water vapor - and three phases of water in wet snow - ..:.: walter
apor and |1-;|m-' water. Because snow is always changing, 1.¢., the

'ET-.Ir § are always growing anc/ 'or changing shape, the phases are
never quite in equilibrium and, in that sense, snOW 15 always
thermodynamically unstable. However, the rate & which the grains
arow is so slow that we can apply the principles of thermodynamica
at phase-squilibrium to help understand why snow grains change the
way they do. Howewver, we rec ognize that this 1s enly an
approximation. This approach has led to the use of two relationships
4mong measurable variables which snow sclentists have employed (0
explain dry snow's behavior. In particular, these are the dependence
of vapor pressure on temperature and the dependence of vapor
pressure on curvature, For example, the vapor pressure at
eguilibrium over ice increases in a well-known way as 1¢ mperature
increases. The application of this result to snow su pjected to a
temperature gradient is fundamental to understanding why dry snow
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ystallizes from rounded to faceted crystals. In a constant attempt

LILEL B hebaks

1o achieve the equilibrivm condition, water vapor migrates from
warm snow layers to cold snow layers. Thus the system moves

towards equilibrium, but it never getls there

\finimum Surface-Free Energy: The effcct of temperature on va
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th are of lundamental imporiance « Morpism of dry
snow. ATl a given lemperature, the vapor pressure is higher over

areas of high curvature than over areas of low Curvature and 1s
higher aver grains than over bonds, Since vapor diffuses from areas

of high vapor density to arcas of low vapor density, small gramns are
5 siable than large grains and bonds sp Iy develop as the
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come to rest, except snow never reaches a valley: snow is always

its way ro becoming something else. However, the rounded grains in

either dry snow or slush minimize the surface-free energy by
minimizing the surface energy over the entire rounded grain. While
ire not spherical because of the erystalline structure of ice
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5 for the whole cluster (Fig. 7). This requires a complicated

geometry which actually has a fairly large surface area, but a

minimum surface-free cnergy
logy with the effect of temperamre on

In werl snow there 15 an ana

Vapor Dressure in ary Ssnow. Wil snow, O [he scake of the Eranns
there s also one overriding thermody PEDICTE The
meiting temperature in wet Snow is strongly depencent 0n SIZC SUC

g temperatures. 1 herciore, hea

naller grains have lower melting Temy
flow from larger to smaller grains causes the smaller ones to melt by
consuming heat and the larger ones to grow by releasing heat, This
process also drives the population of gr ains to larger sizes without

pilibrium, n part because e Proces

ever achieving the final egun i
lows greatly once the grams £XCesd about | mm in size. It 15 nol 2
ermodynamic zccident that we use 5 o 10 power hand leas 10 b ;
¢ these well-rounded gramms

Dry Grain Shapes: The major driving force for change in dry snow

is the temperature gradient since the Yapor pressurs Varies strongly
with temperature, some with curvature, and very slightly with stress
and imourity content of the ice. That 15 why the temperamare
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cecrystallize if the temperature gradient Is strong enough, The reason
for this is clear: ice grains in dry snow grow by vapar diffusion
Tom warmer regions 1o colder regions of the snow cover and the
mechanism for this vapar transport is the grain-to-grain delivery of
water vapor. At higher temperature gradients, the temperature
differences among snaw grains are greater so the driving force for
prain-to-grain vapor flow is larger. Thus the growth rate of the
colder grains, the vapor sinks, is higher and faceted grains grow
preferentially at higher growth rates If the growth rate 15 high
enough, the faceted grains grow as hollow grains with siriations and

other adornments (Fig. 3c).

There arc two basic shapes that crystallographers usé o
characterize growing crystals - the “equilibrium form" and the
“kinetic growth form” (Figs. 4 and 3) The equilibrium form does
not mean that the crvstal has reached thermodynamic equilibrium,
but it does mean that the shape minimizes the surface free energy.
The shape of a water droplet that achieves the minimum surface free
energy is a sphere. The surface energy is the same everywhere on
the surface of a water droplet and thus the sphere minimizes both the
surface-free energy and the surface area, Howewver, (he surface
encrgy varies with the direction in ice so the shape that minimizes
the overall surface-free energy of an ice crystal is not a sphers, but
the shape is sphere-like. When two jce grains are brought together
the shape that minimizes the surface-free energy 13 a dumbbell; thus
two grains bond together o reduce surface free energy and move a
little closer to the elusive condition of thermodynamic equilibrium,
In a snow cover, minimizing surface free energy determines the
shape if, and only if, the growth rate is slow enough. The growth
rate will be slow enough as long as the energy input, as measurad by
the temperature gradient, is not oo high. There is one other
complication: if the temperature is low enough, the equilibrinm
form appears to be a simple, faceted crystal that could be mistaken
far the kinetic-growth form. However, we gencrally ignore this
possibility and assume that all faceted crystals are due to Kinetic
growth.

The other form of dry snow, the kinetic-growth form, dominates
the shape when the vapor pressure over the prowing surfaces 1s high
due to large temperature differences among the prains. When the
growth rate exceeds a critical value, the growth mechanism changes
at the molecular scale and faceting appears.

4 Growth Mechanisms: More powerful processes control weaker
processes and thus the growth of faceted crystals can move the
system away from achieving the minimum surface [ree energy pér
unit mass, It requires a lot of energy input to replace the equilibrium

10




form, the rounded crystals, and move the system toward higher
states of disequilibrium. The driving force is provided by the
temperature gradient which powers both vapor diffusion and rapid
crystal growih, The extreme casc of the growth of faceted crystals is
the growth of dendrites in the ztmosphere. These crystals have very
large surface areas per unit mass which are necessary for their rapid
arowth from vapor supplied by watér droplets in clouds, the ideal
source of large amounts of water vapor, Something similar happens
when hoar grows on the snow surface, due to a large lemperature
difference between the surface and the overlying air, and when depth
hoar forms at large temperature gradients.

There is a fundamental difference in the way the two forms look
rounded and facered - because there is a fundamental difference in
the way the two forms grow at the molecular level. The equilibrium
form grows by the inclusion of water molecules into vacant spaces in
the crystal lattice whereas (he kinetic growth form grows by the
movement of steps across a crystal face. When vacancy filling rakes
place, the growth rate is slow encugh to allow the equilibrivm form
to develop. However, when steps $Weep across the erystallographic
faces, the growth rates are much higher and the shape is dictated by
the mechanics of step motion without time to achieve the shape that
thermodynamic equilibrium requires.

In wet snow there is no analogy to the kinetic-growth {orm
although kinetic growth forms do occur in water with large
supercoolings, e.g., frazil ice, "lhere arc two features of growth n
wet snow that distinguish it from dry snow. First, the porc space
contains liquid water which is the ideal medium for transporting
water molecules from one spot on a grain o another, Diffusion of
mass is nol always necessary. Second, Wwet snaw is at the highest
possible temperature and everything happens il the maximum
sossible rate allowed by the small, local remperature differences that
cause phase change,

Wet Grain Shapes: Given that the shape of the well rounded grain
in dry snow is not exactly a sphere, it is po surprise that the shape of
the single ice crystal in water is only close to being a sphere. That is
the case of slush (Fig. 8): water-saturated wet snow with a ligquid-
water content that is high enough that the only air left in the sysiem
i« in isolated bubhles trapped among the prains, Slush is
cohesionless because the equilibrium form &t high water contents is
the single, isolated crystal with 0o ice-to-ice bonds to its neighbors,
Slush minimizes surface-free energy in (WO ways. First, the sphere-
like grains have individually achieved their own minimum and,
second, the population of grains continuously reduces its overall




VI. SUMMARY

epergy by consuming the smaller graing which have 2 higher specific
surface area

The other form of wet snow occurs at low liquid-water contents
where the air is continuous through the pore space and the minimum
surface-free energy is achieved by the individual crysrals moving
togather to form ice-to-ice bonded clusters {Fig. 7). Unlike slush,
these clusters have considerable strength because of their ice bonds.
They have no ideal shape except that the geometrical relationships
among the three phases of water are fixed when the number and size
of crystals and the liquid-water content is given. Thus clusters of
any size can occur but they are larger in higher density snow where
they move closer together and have more contacts. By their very
nature they form in a way that minimizes the total surface-free
energy of the solid-liquid, solid-vapor and ligquid-vapor surfaces. It is
comunonly assumed that these are honded by capillarity or encased in
a liquid film, bur they are actually ice bonded

6. Capilfarity: The water in 2n unsaturated porous medium is in a state
tension, meaning that its pressure is less than air pressure. This
pressure difference gives rise to capillary suction.  As the liquid-
water content increases, the “wnsion” in the liquid decreases as
water displaces air in the pore space.

7. Stress: “Pressure metamorphism” due to the stress carried through

the ice lattice is often thought 10 be a major factor in controlling
snow metamorphism.  However, from thermodynamics we know
that the effect of stress on vapor pressure 15 small, much smaller than
the effect of temperature or curvature. Thus it seems likely that the
effects of stress are simply to rearrange the grains and to increase the
density and the rumber of intergranular contacts. These grometrical
changes will affect grain growth, but there is no published evidence
that stress has any other influence

Snow is variable due to many different grain shapes with intermediate
shapes between the basic classes. Snow is either wet or dry and these
categories can be subdivided depending on grain shape. The many basic
shapes of snow grains arise from the great varlety of thermal conditions
experienced by snow covers. Qualitative explanations of the various
shapes found in the seasonal snow cover are given here since the shapes
affect the important material properties. 1 consider certain basic shapes
10 form the basis for understanding what we usuzlly observe in snow.
Another group of mixed shapes, [ think of as less stable, and mare likely
(o change into one of the basic shapes as soon as conditions permit.
These basic shapes, which often survive for a leng time in this form,
include buried graupel, surface hoar, rounded grains, faceted grains,
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wind crusts, ice layers, grain clusters, and slush, Although the average
size 15 probably always increasing, these shapes are relatively stable. |
think of all other shapes found in snow as transitional shapes, shapes
which caly exist temporarily while the grains are on their way to
becoming something else relatively quickly. These include precipitation
fragments, wind-blown shards, partly faceted-partly rounded grains, and
melt-freeze particles.

These faciors affect the way graing in snow develop into particular
shapes: lemperature gradient, temperature, history of growrh rate,
density, grain size, liquid-water content, humidity, solar input,
radiational cooling. and microstructure. These basic principles must be
understood and applied to what we already know about what happens n
snow: phase equilibrium, minimum surface-free energy, growth
mechanisms, dry grain shapes, wet grain shapes and capillarity,
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