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The paper presents a novel approach to the study of development of microstructures in snowpack based on
the crystal-morphology and on the fundamental laws of natural symmetry. An empirical deterministic model
describing the sublimation-metamorphic cycle in seasonal snow cover and the polymorphic variants of this
cycle is suggested. Staging in the formation of crystal shapes and self-development of snow microstructure in
snow layers is revealed. The crystal shapes are the result of successive process of superposition of ice crystal-
chemical symmetry and dissymmetry of the soil - snow cover — atmosphere system, according to the known
P. Curie principle. Morphological classification of snow crystals in seasonal snow cover is developed on the base
of evolutionary model. Evolution of snow microstructure is conditioned by a marked degree by probabilistic
conformity to natural laws, manifesting itself in the processes of auto-regulation of metamorphism. These
processes include two types of regulation: the self-regulation of snow layers, on the one hand, and the regulation
related to external conditions — under the influence of atmospheric perturbations, on the other hand. The
accounting the processes of auto-regulation of snow metamorphism for allows development of new methods in

short- and long-term avalanche forecast.

Introduction

Up to now, the studies of the processes within snow-
pack are based on considering the snow cover mainly as a
continual matter-energy system. The phenomenological
approach (according to classic thermodynamic) — to inter-
pret snow on the ground as a three-component porous
material exposed to irreversible viscous deformations [18,
23, 25, 42, etc.] and reflecting the winter hydro-meteoro-
logical conditions [5, 15, 20, 22, 31, 40, etc.] — is already a
traditional one. In this respect, the understanding of the
relation of the most important physical-mechanical prop-
erties of snow to the external conditions is developed well
enough [26, 35]. A number of mathematical models of
great theoretical and applied significance have been devel-
oped, with one of the main purposes — to be used in snow
avalanches forecast [16, 19, 22, 31].

The modern studies consider snow cover it as a het-
erogeneous environment varying in time in its micro-
structural and stratigraphic characteristics [6, 9, 19, 32,
34, 39, etc.]. It would be useful to find regularities in
these variations and to describe the mechanisms control-

ling evolutionary transformations of snow microstructure.
The morphology of snow crystals is mainly studied in
laboratory experiments and observations of individual free
growth and morphogenesis of the snow crystals [7, 18, 29,
32, 43, etc.]. Such results are used in interpretation of the
on-site observations. However, it is very difficult to repro-
duce in laboratory the full natural diversity of evolution-
ary metamorphic processes in natural snow cover.

In the beginning of the snow cover studies in the regions
of Siberia and Far East the author [4] faced poorness of
information, which could be obtained by use of conventional
methods of the field analysis of microstructure in seasonal
snow. Snow cover is a crystalline body, and hence the pro-
cesses of snow metamorphism obey the basic laws of crystal-
lography [2, 9, 11]. By some reasons, the methods of con-
temporary crystal-morphology are not sufficiently employed
in modern snow science, to some extent retarding further
development of this branch of glaciology. This can be the
reason why the glaciological engineering so far has no suffi-
ciently developed scientific and methodical basis for predict-
ing the whole class of snow avalanches in terminology [7],
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particularly the avalanches of prolonged development, as
defined in [17] — associated mainly with the evolutionary
processes of metamorphism in snow cover.

Though the last «International Classification for Sea-
sonal Snow on the Ground» [24] made considerable step
forwards in relation to this as compared to the previous
ones [21, 36, 41] through orientation on the processes in
classifying the crystals shapes in snow layers, still the
conventional analysis of snow microstructure mainly
employs the quantification of the granulometric parame-
ters of snow [8, 18, 19, 25, 37, etc], with the shapes of
crystals considered as the essential but not the main
microstructural property in snow cover [24, 26].

The results of long-term West-European and Russian
snow studies confirm that under various winter conditions
snow cover is transformed from a disordered pile of snow
crystals deposited from the atmosphere into something inte-
gral, ordered, organized, i.e., creates itself as a certain glacio-
system [4, 7, 20, 26, 34, 35, 37, 41, etc.]. Thus, it may be a
priori admitted that the theory of evolution is fully applicable
to the metamorphic transformations of seasonal snow cover.
Despite the term «evolution of snowpack» is used quite often
[5, 20, 28, 31, 35, etc], it is still unclear to what extent the
metamorphism of packed snow is a process of its self-devel-
opment, i.e., the evolutionary process in scientific meaning
of this term [6, 33]. For us, the evolution corresponds to
directional structural changes in a given natural system,
firstly, from simple to complex and, secondly, based on pri-
marily internal interactions in the system, against the back-
ground of its adaptation to variable environment.

The centuries-old experience of establishment of the
evolution theory in biology has shown that only discrete
objects (individuals, species) and their system-forming
combinations (populations, communities) as discrete
qualitatively definite formations can evolve, while continual
characteristics of individuals, populations and communi-
ties cannot. In snow cover, such qualitative definiteness is
typical only for forms of crystals and for kinds of crystals
communities, and not for grain sizes, parameters of grain
contacts, surface energy, etc. Grains cannot evolve (in
accepted here definition of this term).

We believe that if the form of growing or evaporating
crystals as the most important microstructural quality of
snow is excluded from consideration, then it makes no sense
to consider snow cover evolution as a directional process of
its metamorphism. It is necessary to elaborate an evolution-
ary basis of the theory of sublimation metamorphism of
seasonal snow cover for improvement of the scientific and
methodical basis of snow avalanche prediction and develop-
ment of the methods of indication of the winter regime of
landscapes by snow microstructures. Solution of this prob-
lem is envisioned by way of constructing discrete models of
system organization and development of snow cover based
on its crystal-morphology and fundamental laws of natural
symmetry, as well as developing on the basis of these models

the methods for investigation of the processes of sublima-
tion snow metamorphism from positions of the theory of
evolution. This theory, developed within biological scienc-
es [9], has been effectively applied to crystallography and
genetic mineralogy [9, 11, 12, 44] (snow cover is a mono-
mineral rock). It can be proved that the transformation of
evolutionary units of snow cover (forms of crystals and
kinds of crystals communities) is based on their self-devel-
opment (self-organization and auto-regulation), which has
both invariant and stochastic regularities, as well as the
properties of adaptation to the varying meteorological
regime. All these characteristics of snow cover sublimation
metamorphism correspond to the propositions of the gen-
eral theory of evolution of natural systems. In future, the
results of 3D-investigations of snow microstructure such as
[28, 38] can be related to the proposed approach.

Starting positions for evolutionary snow studies

The evolutionary snow studies should be based on the
probabilistic-statistical approach considering snow cover as a
hierarchically organized system of discrete crystal spaces as
interpreted by V.I. Vernadsky [2]. This system is based on the
key microstructural property of snow: the shapes of growing
crystals that reflect the whole complex of internal transfor-
mations of deposited snow. We postulate that snow cover is
the system of natural assemblages of crystals of certain forms,
what in sometimes sense are analogous to the communities of
individuals with different quality in living nature, as defined
in [9]. New snow crystals grow in a close mutual interaction
and simultaneously experience the external regulation,
mainly by the atmosphere. With such approach, the analysis
of snow microstructure and snow crystal-morphology
should be based on the methods of crystal-morphology and
Sundamental laws of natural symmetry.

The basic law of crystallography states that the form
of crystal represents the processes of heat and moisture
transfer in the medium surrounding them, and all confor-
mity to natural laws of the growth of real crystals in
essence characterizes their divergence from the equilibri-
um state conforming to the internal (crystal-chemical)
structure of the given material. This concerns the staged
adaptation of a growing symmetrical single crystal to a
dissymmetric medium — according to the principle of
superposition of symmetries of P. Curie [9, 11]. This is
regarded to the symmetric interpretation of the second
law of thermodynamics. In accordance with this princi-
ple, the development of snow microstructure is a process
irreversible in time, which consists of successive stages of
superposition (overlap) of hexagonal and trigonal sym-
metry of ice as a mineral (genotype) and dissymmetry of
the vector hydrothermal field of snowpack, as well as the
field of relaxation of mechanical stress in the latter. It
results in formation of a genetically integral chain of real
(«forced», false) crystal shape (phenotypes) as a way of
adaptation of growing crystals to environment [9, 10].
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Table 1. Guiding morphological features of depth hoar crystals for determining their symmetry

Subgroup of Form and formula of symmetry* Shape of crystals Symmetry of crystal-forming medium
symmetry
A. Forms of matched orientation of growing crystals and feeding mediums
. . Sphere oo o0 PaC — oo /com or stationary
Plane-axial Ls6L,6PaPeC — 6/mmm Hexagonal prism cylinder L..ooLyo0 PaPeC — oo/mm
Center LgPeC — 6/m Prism with pyramidal complexities Rotating cylinder L., PeC — oo /m
Hexagonal Plane L6 Pa — 6mm Hexagonal pyramid Stationary cone L.,o°Pa — com
Axial L6 L, — 622 Hexagonal trapezohedron Twisted cylinder L.,o0Pa — com
Primitive Ly — 6 Trigonal bipyramid Rotating cone L, — o
Plane-axial L;3L,3PaPeC —3m Ditrigonal prism Stationary cylinder L,,o0L,00PaPeC — oo /mm
Center L;C -3 Trigonal rhombohedron Rotating cylinder L., PeC — o /m
Trigonal Plane L;3Pa — 3m Ditrigonal pyramid Stationary cone L. oo Pa — oom
Axial L;3L, — 32 Trigonal trapezohedron Twisted cylinder L,,00L, — 02
Primitive L; — 3 Trigonal pyramid Rotating cone L, — o©
Plane-axial 3L,2PaPeC — mmm | Pseudorhombic prism + pinacoid Stationary ellipsoid of rotation
. L. o0Ly>oPaPeC — o /mm
Rhombic Elliptically stati f rotati
B . . . iptically stationary cone of rotation
Plane L,2Pa — mm?2 Pseudorhombic pyramid, prism L.ooL,00Pa — com
. Rhombic prism + pinacoid or three Three-axial stationary
Planc-axial L,PeC —2/m pinacoids ellipsoid 32,3PaC — mmm
Monoclinic Axial L, — 2 Pseudorhombic pyramid Three-axial fixed cone L,2Pa — mm?2
Plane Pe — m Pseudorhombic prism with Triaxial horizontally rotating ellipsoid
orthogonal axes 3L,PaC—m
B. Forms of unmatched orientation of growing crystals and mediums
Monoclinic Plane Pa — m Regular obl'lque pseudomonocllnlc thatlng cylinder or_three—axrfll ellipsoid
prism or pyramid superimposed on a stationary cylinder or cone
Center C(L)) ——1 Irregular oblique pseudotriclinic prism | Rotating cylinder and two three-axial
Triclinic o Irregular oblique stationary ellipsoids on different planes
Primitive — —1 e . ; d ; lind
pseudotriclinic pyramid imposed on a stationary cylinder or cone

*For definitions of the symbols of symmetry see in the text.

Symmetry of crystals and its conformity
to the hydrothermal fields in the snowpack

The morphology of crystals, emerging as the direct
product of the interactions in the systems crystal—vapor
and crystal—crystal, is capable of providing the diverse
information about the surrounding medium that is
practically impossible to derive even in a laboratory, to
say nothing about the conditions of work in the field.
The crystal-morphological analysis of snow micro-
structure may be employed as an effective method of
interpreting the conditions and processes of internal
transformations in the snow cover.

The surface faceting of growing depth hoar crystals is
compromising in character because the medium affects
the shape of crystals enforcing the symmetry not natural
to the internal structure of ice. There emerges an entire
series of false (distorted, induced) shapes of growing crys-
tals, the symmetry of which is a subgroup of the true
crystal symmetry of ice, that is, the plane-axial prism of
symmetry of the hexagonal group, with the symmetry
formula L6L,6PaPeC — 6/mmm’" (see Fig. 2, b). Such a
crystal may grow under conditions of a maximally uni-
form medium with the symmetry of a sphere and station-
ary cylinder (Table 1, Fig. 1, a).

"In here, the formulas of symmetry by Brave and symbols of symmetry by International nomenclature of German—Mogen [11] are
adduced. In formula of symmetry: L, — the axis of symmetry of the n-th order; P, — the plane of symmetry parallel to the main
crystallographic (optic) axis of crystal; P, — the plane of symmetry perpendicular to this axis; C — the center of symmetry (inversion). In
International nomenclature: the axes of symmetry are indicated by figures corresponding to the orders of the axes, and planes are indicated
by the character m. If the plane of symmetry is perpendicular to the axis of symmetry, then a dash is placed between the two characters; if
the plane passes through the axis, then the characters are written together.
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Fig. 1. Basic types of symmetry of crystal-forming medium in
the snow cover.

Simple types of symmetry: a — sphere symmetry; b, ¢ — symmetry of
stationary and rotating cylinders, respectively; d — symmetry of a
stationary cone; e — growth of crystals attached to a wall in a unidi-
rectional medium with cone symmetry; f— same in a medium with
cylinder symmetry. Composite types of symmetry: g, i — combination
of feeding fluxes with the symmetries of a cone and rotating cylin-
der; 4 — combination of fluxes with symmetries of a cone and sta-
tionary ellipsoid of rotation; j, k, / — various combinations of the
symmetries of a feeding medium — cone, stationary and rotating
cylinder and stationary ellipsoid of rotation, respectively. C — grow-
ing crystal (arrows indicate the direction of fluxes of feed into the
crystal). Formulas of symmetry types are brought in Table 1

Puc. 1. OcHOBHBIE TUITBI CUMMETPUU KPUCTAIOO0Opasyloleit
cpelbl B CHEXXHOM MOKPOBE.

Ilpocmoble munvt cummempuu: a — CAMMETPUS 1apa; b, ¢ — CUMMe-
TPUST COOTBETCTBEHHO HETIOMBIKHOTO M BPAILAKOIIECTOCST IIVTMHIPA;
d — CUMMETpPUSI HETTOJIBVXKHOTO KOHYCA; e — POCT KPUCTAILIIOB, TP~
KPETIEHHBIX K CTCHKE B OJHOHAIPABJICHHON Cpelie ¢ CUMMETpHUE
KOHyca; / — TO Xe B cpelie ¢ cummeTpueil uuinuHapa. CocmasHoie
MunsL cummempuu: g, i — COYCTAHUS TTUTAIOIINX TOTOKOB C CUMMe-
TpHel KOHyca M BpallaloIerocs HWIMHAPA; /4 — COYeTaHHUe TOTO-
KOB C CUMMETpHEil KOHyca U HEMOIBUKHOTO 3JUTUTICOMIA Bpallle-
Hus; j, k, | — KOMOMHAIIMM CUMMETpPUII MUTAIONIEH Cpeabl — COOT-
BETCTBEHHO KOHYCa, HETOABMKHOTO M BPAIIAIOLIETOCs LIWIMHAPA U
HEIOJBMXXHOIO 3juinconaa BpaiieHust. C — pacTylmii KpucTasul
(cTpenkaMu MoKa3aHo HaTpaBJIeHUE TIONTOKOB MMUTAHUS K KPUCTAT-
11y). DopMyJibl TUIIOB CUMMETPUU MIPUBEACHBI B TA0I. 1

The hydrothermal field in a snowpack and the field of
relaxation of its mechanical stresses have a lower symmetry
(see Fig. 1, d, e). These fields have the property of polarity
(«sign»): usually they lack a horizontal plane of symmetry,

and the number of vertical planes is sharply reduced. With
the same parameters of macro-symmetry of fields in the
snowpack, the external symmetry of growing crystals is highly
dependent on their orientation and location relative to each
other. The less the elements of symmetry of the crystal and
medium coincide, the lower the geometric symmetry of the
resulting crystal shape is. According to the statistical law of
Fedorov—Grot [3, 11], the more complex the composition of
the medium, the lower the symmetry of the crystal shape.

The forms of crystals of the trigonal subgroup point
to the polarity of the hydrothermal field in the snow in
the horizontal direction. The pyramidal outlines of the
hexagonal and ditrigonal prisms are evidence that there is
polarity of the medium in the vertical direction. This
points to frequent but rhythmically recurring changes in
the temperature and in the specific of the water vapor dif-
fusion around the crystals. The trigonal-rhombohedral
and trigonal-pyramidal shapes are typical for the initial
stages in the development of depth hoar (see Fig. 2, a, e)
grown in mediums with the symmetries of rotating cylin-
ders and cones (see Table 1, Fig. 1, ).

The crystals of all remaining subgroups belong to the
false shapes of the hexagonal branch. The pseudorhombic
shapes point to the existence in the horizontal plane of
one or two mutually perpendicular directions along which
the gradients in the medium undergo marked changes.
The medium is described by the symmetry co/mm for the
prism and com for the pyramid. The pseudorhombic
shapes usually dominate within depth hoar crystals.

When gradients of force fields change even more
abruptly and frequently, development of pseudomonclinic
and pseudotriclinic shapes takes place — typical represen-
tatives of «mature» depth hoar (see Fig. 1, g—i). A charac-
teristic of prisms 2/m is a medium with a «brick» symme-
try — a three-axial stationary ellipsoid (see Table 1; Fig. 1,
h and Fig. 2, f, g, /). Beveled pseudomonoclinic single
crystals just as all shapes of the triclinic subgroup have the
lowest geometric symmetry in terms of almost non-
matching the elements of symmetry of the crystal and of
the medium. This is due to both the non-steady state of
the hydrothermal field and to the contact interaction of
the crystals themselves.

The growth conditions of planar and beveled
pseudomonoclinic shapes in first approximation might be
described as the symmetry of a rotating cylinder superim-
posed on the flow of macroscopic diffusion in such a way
that the vector of this flow is located on the plane of the
rotating cylinder (see Fig. 1, 7). Similar conditions may
occur during sharp and frequent temperature fluctuations
in a snow layer (these fluctuations geometrically signify a
change of «sign» of rotation of the cylinder). As a result,
the crystal is forced to expand on the rotation axis of the
cylinder, that is, in general case, horizontally.

According to the Rikke principle [3] similar change
results from the recrystallization in conditions of unidi-
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Constructive metamorphism. Stages in the growth of planar and columnar faceted prisms and pyramids
Beginning of skeletal growih

Faceted planar prism

Faceted columnar prisms

Stages in the skeletal growth of crystals

Planar skeletal crystals

Stage in sectorial growth

Columnar semiskeletal crystals

Regressive metamorphism
Stage in plate-like growth

\.% [

s T

Fig. 2. Several shapes of grown and decomposing snow crystals characterizing the periods and stages of sublimation-metamorphic

cycle in snowpack. Explanation in the text

Puc. 2. Hekotopsie ¢opMbI pocTa M pa3pylIeHUs] CHEXXHBIX KPUCTAJUIOB, XapaKTepU3yIOllve Mepruoabl U CTaaun cyoamMma-
LIMOHHO-MeTaMOP()UIECKOTO IIUKIIA B CHEXHOI Tomie. OOBSICHEHUSI CM. B TEKCTE

rectional pressure (compression). If the field of local
diffusion or local stresses in the horizontal plane is
described additionally by the symmetry of a stationary
cylinder (see Fig. 1, j), then oblique or planar, but regu-
lar in their base, crystals of hexagonal forms are devel-
oped. When the horizontal symmetry of a three-axial
stationary ellipsoid is present in the local medium (see
Fig. 1, k) compressed and beveled pseudomonoclinic
prisms and pyramids shapes with a single vertical plane
of symmetry (see Fig. 2, £, j).

Finally, mediums with the most complex form of
symmetry (see Fig. 1, /) are characteristic for pseudotri-
clinic shapes. At least three locally rotating flows are
superimposed on a unidirectional macro-force field.
One of them with the symmetry of a rotating cylinder
causes the compression. The two others move on planes

located at an angle to the vector of the macro-force
field, and they have the symmetry of a three-axial sta-
tionary ellipsoid. This gives to the forms of crystals a
«triclinic» outline (see Fig. 2, g, k).

Often, snow layers with well-developed depth hoar
crystals have well-defined vertical columnar (fibrous) tex-
ture. The fibers are composed by not only relatively sym-
metrical columnar crystals but also by planar single crys-
tals with reduced symmetry. The latter often develop on
the «walls» of pore space. The higher symmetry of the
crystals corresponds to such situations, when the pores
are evenly distributed in the three-dimensional space of a
snow layer and, consequently, the areas of the contacts
between grains are of one order both in the layers and in
the vertical cross sections. On the other hand, the well-
defined dissymmetry of the forms of crystals, particularly
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Fig. 3. The sublimation-metamorphic cycle in dry seasonal snow cover.

A — the main milestones of crystal ontogenesis in dry snow cover, their individual’s stages of growth and following decomposition. Two main
variants (programs) of sublimation ontogenesis are shown: planar (above) and columnar (below). B — the principal scheme of the sublimation-
metamorphic cycle. / — transitions of the basic (elemental) chain of transformations of forms of crystals and of microstructure of snow layers;
2 — transitions of age complexity in the microstructure of layers and their shift from one variant (program) of metamorphism to another

Puc. 3. CybaumaunoHHO-MeTaMOp(UUIECKUit LIMKJT CYXOro CE30HHOT'O CHera.

A — OCHOBHBbIE 3TaIlbl OHTOT€HE3a KPUCTA/UIOB B CyXOM CHEXXHOM MOKPOBE, MX CTAIMIHOIO pOCTa U Mocieayoiero paspyieHus. [Toka-
3aHbI IBa OCHOBHBIX BapraHTa (TIPOrpaMMbl) CyGIMMAIIMOHHOTO OHTOTeHE3a: IIOCKUI (BBEPXY) U CTOJIOUATHII (BHU3Y). B — MIPUHIIUITU-
ajbHas cxeMa CyOoJMMallMOHHO-MeTaMOp(hUIEeCKOTo LIMKIa. / — mepexoabl OCHOBHON (dJeMEeHTapHOI) Lienu nmpeoOpa3oBaHuii (hopm
KPUCTAJIJIOB ¥ CHEXHBIX TOPU30HTOB; 2 — MEPEXOIbl BO3PACTHOTO YCIOKHEHUSI CTPYKTYPhI TOPU30HTOB M CMEIIEHHS X C OJTHOTO BapH-

aHTa (mporpamMMbl) MeTaMopdr3Ma Ha APYTYIO

the planar types, is an indication that there is a prevalence
of the vertical pores and accretions (clusters) weakly con-
nected to each other over the extent of the stratum. It is
evident that in the second case the layer is more brittle to
sub layer shear and hence more avalanche-hazardous
(with the same specific area of contacts). A reduction in
the symmetry of growing crystals is an indication that a
dangerous columnar texture is developed in the layer.

Deterministic model of sublimation
snow metamorphism

Our many years stationary observations show that
time (the age of a snow layer) is the main factor, deter-
mining the conformity of the extent of snow metamor-
phism to natural laws. Expressed by crystal shapes stage of
crystal growth is determined by the age of a snow layer on

45—-60%. The effect of the height above the ground deter-
mines such stage on 15—35%. The local site of snowpack
has the minimum relation (0.5—6.0%) to the stage of the
crystal growth. Time makes snow recrystallization pro-
cesses irreversible and causes translational motion in
crystal growth and «alteration of generations» of the crys-
tals through the alternation of periods of the crystals’
development and degradation. The main evolutionary
unit of snow cover is a genetically integral snow layer as
an elementary self-developing natural community of
crystalline individuals of different shapes.

The author developed an empirical deterministic
model describing the unclosed evolutionary sublimation-
metamorphic cycle of seasonal snow cover and regional
(polymorphic) versions of this cycle (Fig. 3). The superposi-
tion of natural symmetries in the snowpack acts as a spe-
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cific process continuous in time. The medium (the diffu-
sion field of water vapor) imposes its symmetry on the
growing crystal with some graduation, with staged switch
in the mechanisms of interaction in the systems crystal—
vapor and crystal—crystal. During the winter season dry
snow cover tends to follow the guiding course of the subli-
mation-metamorphic cycle consisting of three periods:
destructive (I), constructive (II) and regressive (III).
These periods include nine stages of growth and subse-
quent decomposition of the crystals (see Fig. 2): the frag-
mentation stage (I,), polyhedral (I,), stages of planar and
columnar faceted prisms (I, and II,), semiskeletal and
skeletal stages (II; and II,), sectorial (III,), plate-
like (III,) and, finally, the sublimation-firn stage (I115).
Crystals in each stage of growth have forms corresponding
to classes of forms of crystals with the same names. Each
layer of the snowpack passes through similar stages of
evolution, designated as phases of metamorphism. All
shapes from the stage of constructive metamorphism
belong to the category of depth hoar.

Destructive snow metamorphism (decomposition of
primary crystals and their transformation into shapeless
«grains») is effective only under weak gradient thermal
field of snowpack, therefore it is the longest in the regions
with soft (oceanic) winters. In strongly continental winter
conditions, the «grainy» (polyhedral) stage actually drops
out, while the fragmentation stage becomes shorter.

The degree of snow recrystallization is determined by
the efficiency of constructive metamorphism (see Fig. 3),
which takes place over the most part of winter season in
continental regions. Variational and statistical analysis
shows [4] that crystal-morphological complexity of a layer
is conditioned by selection of crystals during their growth.
The groups of particles are converted from one crystalline
form into another not simultaneously; therefore, the layer
is gradually enriched by crystals with various classes of
forms of crystals.

In the beginning of constructive metamorphism,
crystals comprise comparatively homogenous classes of
shapes subject to the laws of normal (Gaussian) distribu-
tion. At the stages of faceted growth, crystals are yet of
comparatively small sizes, therefore the tendency to sim-
plicity and perfection of the shape is predominant,
according to the Gibbs—Curie—Wulff principle [3, 9].
Solid crystal shapes of faceted classes are for the most
part highly symmetrical (hexagonal, trigonal and rhomb-
ic), with repeatedly growing smooth facets (see
Fig. 2, a, b). They are a morphological manifestation of
the initial «correct» growth of crystals.

Faceted growth is accompanied by plastic-viscous
deformations of the snow ice matrix resulting in its
slow settling and packing. The duration of faceted
stages and phases abruptly increases and the rate of
crystal growth decreases in the direction from lower to
upper snow layers.

Later on, when the crystals reach the certain critical
size they are transformed into semi-skeletal shapes, with
existence of «multi-sloped caps» and developing of cav-
erns (see Fig. 2, c—e). After that, crystals of such shapes
turn into skeletal crystals — latticed, hollow, with large
striated facets (see Fig. 2, &, /). Such morphological com-
plexity implies gradual inclusion of the medium into a
crystal (in accordance with the principle of superposition
of symmetries) and development of adaptation mecha-
nisms providing its further growth [10]. This is the first
qualitative leap in the metamorphic cycle. The adaptive
tendency of particle growth (by the principle of maximum
rate of crystallization completion) becomes predominant,
giving great diversity of skeletal forms of crystals. The rate
of metamorphism drastically increases, however, there is
an abrupt decrease in the real symmetry of «forced»
shapes, up to the monoclinic plane and triclinic primitive
symmetry (see Fig. 2, f, ).

Regressive metamorphism is the backward «move-
ment» of crystalline individuals and snow layers: in the
direction of simplification of their structure and approach-
ing the state with the maximum entropy. This is the
second qualitative leap in the metamorphic cycle. It exhib-
its itself in the splitting and breakup of crystals under rela-
tively similar external conditions [10], hence it may be
called snow «ageing», in the real sense of this notion [30].
During the sectorial and plate-like stages of this period
(see Fig. 2, J, k), the sizes of particles abruptly decrease
and many skeletal and faceted shapes disappear.

The growth of crystals during the semi-skeletal,
skeletal and sectorial stages can proceed in either of the
two scenarios, or programs (see Fig. 1): columnar
(IT;°15TT,0- 11T, 0 and planar (IT5P'-TI,PSTITPY.
These scenarios provide two types of forms of crystals in
each of the mentioned classes. Any of the growth sce-
narios can dominate in a snow layer or in combination
with the other one, providing a mixed scenario. Sce-
narios (or branches) of the sublimation-metamorphic
cycle (columnar, planar, mixed) are predetermined on
the one hand by the temperature state of the snow and,
on the other, by the action of the force of gravity,
whose effect on microstructure depends on the depth
of deposition of the given layer, density of the overlying
layers and the time of the loading action, that is, the
age of the layer. Accordingly, in the first case the sce-
narios are branches of the sublimation thermal meta-
morphism of snow. The pressure factor acts only in the
middle and lower layers of deep and dense snow cover
and results in sublimation dynamic metamorphism.
Columnar scenario is predetermined under relatively
high temperatures and weak temperature gradients
(mild winter conditions), planar ones — under low
temperatures and its sharp and frequent fluctuations
(conditions of continental winters). The field of snow
compression is also important.
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Such evolutionary model of metamorphism in snow
cover is capable to describe the metamorphic process
by staged passing of the sets «forms of crystals», «snow
layer» and «snowpack» through all the stages (phases)
of snow recrystallization under any winter conditions.
The main point is the invariant process of sublimation
metamorphism is the major tendency of evolution of
dry snow cover.

Morphological classification of crystals in snow cover

None of the sciences can be done without system-
atization of objects under investigation. Systematization
is a division of an entire set of objects into parts by the
similarity in selected parameters and their ranking by
any parameter such as the lowest rank would be referred
to the highest one as a part to the whole. The first and
second parts of systematization are called classification
and taxonomy, respectively [1]. In snow science system-
atization of the snow microstructure is defined in the
«International classification for seasonal snow of the
ground» [24], serving as a guidance to snow cover and
snowpack observation.

Detailed chronology of development of guidance
for snow studies from the middle of the 19t century is
presented in the work [35], which shows gradual transi-
tion from the merely descriptive method of structural
analysis of snow sections to the texture-morphological
method, including qualitative descriptions with quanti-
fied metric and micro-morphological characteristics,
as well as the parameters of the respective mechanical
properties of snow. The advantage and practical value
of such guides [21, 24, 36, 41] are that they reflect, as
far as possible, all known natural processes responsible
for snow cover formation and further changes: period-
icity of snow accumulation, wind-blown snow stream
and compaction of snow, melting and wetting of snow
during thaws, with formation of ice and firn crusts and
lenses, settling of snow, sublimation, regelation and
recrystallization processes of metamorphism in differ-
ent layers of snowpack and, finally, the processes of
firnification of snow resulting in its transformation into
ice. For field observations these classifications help to
determine the prevalent type of transformation of the
microstructure and texture of different snow layers in
the preceding period: sublimation, regelation, recrys-
tallization, etc. It means restoration of external condi-
tions for internal transformation of snow cover.

The morphological classification of snow crystals
developed by author can complement the Appendix A
(«Grain shape classification») of the presently accepted
«International classification for seasonal snow of the
ground» [24]. Differently from [24] the presented classifi-
cation is created based on conformity to natural laws of
the ontogeny of crystals in a snowpack and is constructed
on the genetic principle: all categories of the forms of

individual crystals correspond to certain periods and
stages of the sublimation-metamorphic snow cycle. The
following 17 major specific crystalline shapes revealed in
dry snow cover were taken for taxonomic analysis: 7,
2, skeleton apical planar and spatial (dendrites); 3, iso-
metric polyhedral; 4, 5, faceted prismatic planar and
columnar; 6, faceted pyramidal-prismatic («bullets»); 7,
&, semiskeleton planar and columnar; skeleton rib-like
prismatic and pyramidal shapes: 9, 10, planar;
11—13, columnar; 74, skeleton rib-like pyramidal-pris-
matic («cups» and «wineglasses»); 15, 16, sectorial planar
and columnar; /7, plate-like skeleton rib-like.

These groups of shapes are arranged on the basis of
discrete indicators, i.e., by the presence or absence of
each from the 22 morphological properties of a crys-
tal [4]: the dominant growth by axis ¢ or a, the major
type of facets, the presence or absence of crystal polar-
ity, open cavities, the step structure of facets, sectorial
excrescences, etc.

The well-known method of numerical taxonomy
was used for systematization, making possible to repre-
sent the crystal shape in a quantitative form. Numerical
taxonomy was based on the dichotomous principle with
association or similarity coefficients .S calculated by the
equation [14]:

S=(ny; + ny)/N,

where n; and n,, — the number of indicators present and
absent in both taxons, respectively; N — the total number
of indicators.

The matrix of coefficients of similarity of the taxo-
nomic units has been constructed on the basis of calcula-
tions (Table 2). It clearly shows 5 groups of taxons: inte-
gral wholes within which individual crystals have § > 0.7
(no less than 70% significance level of similarity). These
groups have been designated as the classes of crystalline
forms (see above), which are similar in the dominant
faceting elements (facets, edges, tips) and in the degree of
external manifestation of the inner symmetry of individual
crystals. The classes of forms of crystals have the follow-
ing names: (1) fragmentation stage, (2) polyhedral,
(3) faceted, (4) semi-skeleton, and (5) a complex of skele-
ton classes. The classes are grouped into three genetic types
of deposited dry snow. The first and second classes are
referred to the types of primary idiomorphic and isomor-
phic snow, respectively; other classes are referred to the
type of secondary idiomorphic snow [4].

The complex of skeleton crystals is characterized by
the greatest diversity of shapes and degrees of similarity
between them (5 = 0.64+0.91). It can be divided on five
groups with significance level of characteristics exceed-
ing 75%. The first and second groups form the properly
skeleton class as the highest stage of crystalline shapes.
Compositional and degrading skeleton shapes are
referred to the sectorial class (third group), while the
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Table 2. Matrix of coefficients of similarity of taxonomic units, with distinction of classes of forms of crystals

1 1.00 Classes of primary idiomorphic snow
211091 1.00
= 3 0.55 0.64 | 1.00 Polyhedral class
% 4] 064 059 IW 1.00
§ 5 0.59 0.59 0.68 | 0.82 1.00 Faceted classes
é 6| 0.64 0.73 0.73 077 0.77 1.00
% 7 0.59 0.50 0.50 0.59 0.64 0.59 | 1.00 Semiskeletal class
§ 8| 0.55 050 046 059 077 0.59 | 0.77 1.00
L2 9| 073 0.64 041 050 050 046 0.68 0.55]| 1.00
§ 10 068 059 041 055 046 050 064 0.50 | 0.86 | 1.00 ;
% 11| 0.64 064 046 0.50 0.59 0.46 0.68 0.73 | 0.82 | 0.73 | 1.00 Skeletal classes
s 121 0.64 0.64 046 050 0.55 0.50 0.59 0.64 | 0.86 068 091 1.00
§ 13] 059 0.68 041 046 046 0.59 0.64 0.55 073:0 82 0.77 0.77 1.00
§ 14| 059 0.68 050 046 046 0.5 0.64 0.5 | 0.77 |_0 73" 0.77_0.77 091 100
Z 15| 0.64 055 046 050 050 0.55 0.68 0.55]0.82 086_, 0.64 0.64 0.68 ( 068 1.00
16/ 0.55 0.64 0.50 0.50 0.50 0.64 0.68 0.55 064 068 0.73 0.73 086 086 0.82 100
17/ 077 068 059 073 0.64 059 0.68 059|086 ( 082 0.68 0.68 064 064 0.86 068 1.00
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Numbers of taxonomic unites (see in the text)

Footnote. Boundaries between the classes of forms of crystals are marked by unbroken lines; dotted lines divide the subdivisions in the

skeletal class complex.

shapes that have completely lost visible skeleton con-
tours but preserved skeleton rib-like growth type are
referred to the planar class.

Based on the thermal conditions of snowpack
recrystallization, it is possible to separate the second
major taxonomic category: the types of form of crystals.
The guideline attribute for differentiation of the types is
the direction of prevailing crystal growth (by axis ¢ or a).
A number of concomitant morphological parameters
accompany it: the presence or absence of caverns and
cavities, the degree of crystal polarity, predominance of
basal pinacoidal, prismatic, or pyramidal facets, their
commensurability, etc. There are two main types of the
form of crystals: planar and columnar. They are
«throughout» taxons since they are traced in nearly all
classes of the forms of crystal. Compared to the classes,
the types have altogether lower values of .S (0.68—0.73).

Two described ordinates: classes and types of crys-
tals shapes; were used for construction of the morpho-
logical classification of snow crystals in snow cover
(Table 3). This classification makes possible extraction
of much greater amount of data on the internal pro-
cesses performing in the snowpack than the analytic
techniques based on traditional analysis of the dimen-
sions of the snow particles.

Also, the evolutionary character of the snow meta-
morphism is fully accounted for in the proposed classifi-
cation, such as it reflects successive stages in the devel-

opment of growing crystals and their destruction as the
result of persistent process of superposition of their
crystallochemical symmetry and dissymmetry of the
hydrothermal fields and the field of one-side pressure in
a snowpack. The classification also reflects the influence
of environment (the whole soil — snow — air system),
which determines the type of metamorphic course
(columnar, planar or mixed) in a snow layer. Thus, the
classification can be used as a tool for long-term predic-
tions of transition of a snowpack into potentially ava-
lanche-hazardous state. In contrast to the presently used
physical classifications of snow crystals shapes, the mor-
phological classification allows emphasizing of disinte-
gration of the secondary idiomorphic snow because its
taxonomic categories are the main result of the meta-
morphic transformation in seasonal snow cover.

Mechanisms of auto-regulation
of metamorphism in snow layers

The deterministic model of the sublimation-meta-
morphic cycle is the result of its schematization; there-
fore, it cannot reflect the whole diversity of metamorphic
processes. Such diversity is conditioned by probabilistic
character of metamorphic processes exhibited in the
mechanisms of their auto-regulation [30]. These processes
include two basic types of regulation of metamorphism in
a snow layer (Fig. 4): (1) self-regulation — «motion» of
the layer according to one of the «set» programs for the
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Table 3. Morphological classification of crystals in snow cover

. Surface of Classes of forms Types of forms Conventional
Genetic type of snow Symbol . .
crystals of crystals of crystals designations
Faceted Planar
Primary idiomorphic snow L . Columnar Iy x
. Hypidiomorphic
(new-deposited and old snow) Skeletal poly-crystal Planar
Clastic un/d* I, AN
Regelation- (]
: polyhedral Isometric Iy
Isomorphic snow . .| Corrasion- ®
d ited and hosed Allotriomorphic
(new-deposited and metamorphosed) Planar 111, ')
Sublimation-polyhedral
Isometric I, O
Planar 11, |
Faceted
Columnar 11, .
Planar 117, ]
Semi-skeletal Columnar 1% ﬂ
un/d 11, ﬂ
Second-idiomorphic snow L . Planar 1’ A
Hypidiomorphic
(metamorphosed, depth hoar) c
Skeletal mono-crystal Columnar %, M
un/d 1, A
Planar 1P, N
Sectorial Columnar I11€, A
un/d 111, =
Plate-like Planar 111, =

*un/d — undivided types of forms of crystals.

course of the metamorphic cycle and subsequent develop-
ment of the ice structure; (2) the external regulation —
under the influence of atmospheric perturbations (warm-
ing and cooling periods, snowfalls, snowdrift phenomena,
etc.) which transfer the layer from one program of devel-
opment to another and thereby accelerate or, conversely,
decreases the activity of metamorphic process. The key
task in analyzing the evolution of a snowpack is differenti-
ating of these two basic processes required for applied
forecast of transforming the microstructure of a snow
layer in a critical state [30].

The mechanisms of auto-regulation of metamorphism
in snow layers can be traced by the transitions from one
state to another, that is, by comparing the microstructural
changes occurred during a given time step. Such transitions
are probabilistic in principle, due to the non-uniform
growth of different crystals of the same age. The «move» of
the crystals of first grown generation of depth hoar among
the course of the sublimation-metamorphic cycle is accom-
panied by a successive increase in the number of classes of

crystals shapes to some maximum values. In this, however,
the transformation of the layer does not stop even under
conditions of externally determined steady-state. With the
appearance of a substantial quantity of crystals of skeletal
form, cycles of growth buildup of sets of single crystals start.
In addition, in a state for which the «mature» depth hoar
crystals with skeletal form dominate, during two or three
successive steps, if an abrupt, stable change in the external
conditions occurred, a layer can transpose to a new program
of recrystallization.

The processes of auto-regulation of metamorphism in
snow layers can be revealed from the matrices and graphs
of the probabilities of transitions of classes and types of
forms of crystals during given series of time steps (Table 4,
see Fig. 4). Methods of calculation of such transitions are
described in [13]. Modeling was based on the data of snow
surveys carried out by the author at experimental test site
in the West Siberian taiga [4].

The process of self-regulation of the metamorphic
cycle. In the bottom layers of a snowpack, where usually
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Fig. 4. Stochastic structural models of the auto-regulation in the sublimation metamorphism in snow layers.
Models of self-regulation (self-development): a — a complete columnar program; traced are the linear cycle of transformations of crystal

forms and two cycles of growth complexity in the microstructure of the layer; b —

incomplete planar program; columnar faceted singles not

producing the skeletal shapes. Models of the external regulation of metamorphism: ¢ — polygenetic program with one irreversible perturbation,
with transition from the planar algorithm to the columnar; d — polygenetic program with simultaneous planar and columnar crystal
growth; planar skeletal growth begins earlier and advances more rapidly than the columnar.

Probabilities (frequency) of transitions of one shape classes into another: 7 — 0.01-0.25; 2 — 0.26—0.50; 3 — 0.51-0.75; 4 — 0.76—1.00.

1 step = 25—35 of days. The remaining symbols are defined in Fig. 3, B

Puc. 4. CroxacTuueckue CTpyKTYpHBIE MOIEIN aBTOPETYJISILIUU CyOIMMAIIMOHHOTO MeTaMop(dur3Ma B TOPU30HTAX CHEXKHOM TOJIIIIN.

Modeau camopeeyasyuu (camopazeumus): a — TOJHAsI CTOJIOYATAsT TPOrPpaMMa; MPOCTICKUBAIOTCS JIMHEWHBIN IIUKI MPeoOpa3oBaHU
¢opM KpUCTAIJIOB 1 IBa LIMKJIa BO3PACTHOTO YCIOXHEHUS CTPYKTYPhI TOPU30HTA; b — HEIMOJHAs TIJI0CKas MporpaMMa; CToI0YaThie rpaH-
HbIe UHIWBUIIBI CKEJIETHBIX (hOpM He natoT. Modeau peeyasyuu memamopgusma uzerne: ¢ — NOJUTEHETUYECKAst TPOrpaMMa ¢ OTHUM Heo0-
PaTUMBIM BO3MYILIEHUEM, TIEPEXOIOM OT IUIOCKOIO aJrOpMTMa K CTOJ0YAaTOMY; d — IMOJUTeHeThYecKasi IporpaMma ¢ OIHOBPEMEHHBIM
TJIOCKUM M CTOJI0YATBIM POCTOM KPHUCTAJIJIOB; TJIOCKWUM CKeJIETHBIN POCT HAYMHACTCA paHbILIC U I/IZ[éT 6bICTpee, YyeM CTOJIOUAThIiA. Bepo—
SITHOCTH (4aCTOThI) IIEPEXOI0B OAHUX Ki1accoB ¢opm B apyrue: 1 — 0,01-0,25; 2— 0,26—0,50; 3 —0,51-0,75; 4—0,76—1,00. 1 mar ~ 25—

35 nHeit. OctanbHble 0003HAYEHMsI CM. Ha puc. 3, B

the rate of recrystallization is the highest, the assemblage
of crystals over the period of the first two steps pass
practically the entire elemental chain of transformations
according to the columnar algorithm (see Fig. 4, a). The
«central point» for the transitions corresponds to the
skeletal shapes of crystals. Further transformations in
snow layer are associated with the increasing complexity
of microstructure — the increase in number of forms of
crystals of different generations. This is fluctuating and
cyclic process resembling the «population waves» known
from the evolutionary biology [33]. Each cycle begins
with the breaking of the elemental chain after the stages
constructing the faceted shapes of crystals. All of the
most developed faceted crystals are depleted in the pro-
cess of intensive skeletal growth. As the result shortage
in the faceted crystals occurs, building conditions for
transition to a next stage, breaking the metamorphic

chain. This shortage is compensated by the formation of
the crystals of a new generation, starting from planar
faceted prisms, partially replacing skeletal and plate-like
shapes (the second and fourth steps in Fig. 4, a).

The «wave» of the shortage in crystals in each cycle
traverses over the entire elemental chain resulting in
series of corresponding reactions in each of its associa-
tions. A cycle ends with complete restoration of the
elemental chain and renewal of intensive skeletal
growth (third and fifth steps in Fig. 4, a). In each cycle
of crystals development, the snow layer returns to the
initial stage of constructive metamorphism. The peri-
odic «renewal» of crystals assemblage in the snow layer,
exclusively due to self-development, may substantially
change the mechanical properties of snow even with
unchanging external conditions.
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Table 4. An example of matrixes of real transformation in shape of depth hoar crystals in any layer of snowpack (A) and of
transformation of shapes of crystals in the same layer during Markov’s process (B). Time-step duration is 25-35 days

B A
! | m B B = — ! e BB = —
m |0 0 0 0 0 0 m |0 0 0 0 0 0
| 1.00 049 0 0 0 0 [ | 1.00 049 0 0 0 0
n o 0.51 038 0 0 0 n o 0.51 038 0 0 0
B o 0 062 0.86 0 0 Istep B |0 0 0.62 086 0 0
o [0 0 0 0.14 0.80 0 = [0 0 0 0.14 080 0
— |0 0 0 0 0.20 1.00 — |0 0 0 0 0.20 1.00
m |0 0 0 0 0 0 m |0 0 0 0 0 0
[ | 0 0.88 0 0 0 0 [ | 049 024 0 0 0 0
n o 0.12 071 0 0 0 Pl o051 044 014 0 0 0
B o o 029 o080 o o AIstr [° |o 032 077 074 0 0
o [0 0 0 0.11 040 0 o [0 0 0.09 023 064 0
— |0 0 0 0 0.60 1.00 — |0 0 0 0.33 036 1.00
m (075 0 0 0 0 0 m |0 0 0 0 0 0
[ | 025 028 0 0 0 0 [ | 0 0 0 0 0 0
n o 072 0 0 0 0 Ystep n (o 0 0 0 0 0
i 0 0 1.00 042 0 0 i 026 020 0.12 0.10 0 0
o [0 0 0 0.58 0.62 0 o (026 027 0.18 0.16 0.03 0
— |0 0 0 0 0.32 1.00 — 1047 053 0.70 0.74 0.97 1.00

The «waves» of self-regulation are the phenomenon
of the stabilizing selection of forms of crystals, which con-
tributes to prolongation of the period of constructive
metamorphism in a snow layer and delays the transition
to regressive metamorphism by cycles of periodical age-
specific build-up of the ice structure in the snow layer.
The effect of the stabilization is traced by comparing the
actual steps in the evolution of the snow layers (sce
Table 4, A) with the steps of computation by «Markov’s
machine» [27], where all relative frequencies of the tran-
sitions are specified according to the first step (see
Table 4, B). The steps of a Markov regulating operation
are obtained by sequentially multiplying the matrix by
itself. This computation makes it possible to forecast the
final state of the system with the initial frequencies of
transitions preserved in all steps.

In a Markov regulating operation the snowpack
should accomplish states towards to the end of winter
season, when the probabilities of final crystal shapes and
of transitions to these shapes become close to 1. In facts,

due to the stabilization effect, the layers usually do not
achieve these states. The difference in frequencies of
transitions between the actual and the Markov’s processes
of self-regulation of metamorphism requires correction to
be introduced in forecast the microstructure of a snow
layer to the end of each successive time step.

Since the growth of crystals with skeletal shape directly
from planar faceted prisms is the characteristic feature of
the planar variant of metamorphism, a significant quantity
of skeletal shapes may appear in a month (see Fig. 4, b).
Crystals with columnar faceted shapes grow extremely
slowly, gradually loosing the basis for their development
and degrading. The planar variant of growth differs from
the columnar one by the large non-uniformity in crystal
growth and development of crystals of the same genera-
tion, corresponding to more complex hydro-thermo-
dynamic fields in snow. The prolonged stabilization of the
forming shapes and the weak intensity of the transitions
predominate in this case, resulting in the elemental chain
of the plot to be preserved over several steps.
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External regulation of the metamorphism of snow.
The processes of self-regulation in the snow layers
becomes periodically complicated by perturbations in
external environmental conditions, which can restruc-
ture an existent program of structures transformations
from planar to columnar and back. External regulation
is responsible for the adaptive selection of forms of crys-
tals in a snow layer. The most common type of such
perturbations affect the layers, remained for a long time
period near the snow cover surface during severe cool-
ing and sharp fluctuations in temperature, and then
buried by a thick layers of new snow, thus «moved» into
more moderate temperature conditions. A similar effect
may be produced by a prolonged stable warming period.
Such perturbation are registered in the second step of
transitions (see Fig. 4, ¢). A sudden perturbation in the
algorithm causes the breakup in the planar chain of
development. The number of crystals of beveled skeletal
form is reduced catastrophically, and the «central point»
of the transitions moves to the faceted columnar prisms,
which are already marked by skeletal growth. A snow
layer «returned» by two complete steps back (from skel-
etal to faceted columnar) may never attain the state of
«mature» depth hoar.

The mixed scenarios of metamorphism with simulta-
neous development of crystals with both planar and
columnar types of forms can often be observed in the
upper layers of a snowpack. When the temperature field
in the snow layer is not in steady state, the planar chain of
transitions overtakes the columnar one (see Fig. 4, d). As
the result, when the columnar types reach the skeletal
phase of growth both chains converge. Pulsating «waves»
of shortages of shapes alternately pass through each chain,
causing corresponding dilution and intensification of the
transition frequencies. With an overall increase in tem-
perature to the end of winter season the planar chain usu-
ally decomposes and the «central point» of the transitions
shifts to the columnar types of forms of crystals with
slowing down the processes of metamorphism.

In general, if the transition of a snow layer from the
columnar program of crystal growth to the planar one
accelerates the process of «maturing» the depth hoar, then
a reverse shift from the planar algorithm to the columnar
one leads to slowing down the process. Based on that, one
should introduce a correction to the effect of external
perturbations for prediction of the snow microstructure in
different layers of the snowpack.

Conclusions

The presented analysis of the results of crystal-mor-
phological and symmetry studies of snowpacks provide
deeper understanding of the essence of mechanisms of
sublimation metamorphism and allow estimation of the
role of internal and external factors in this process. More-
over, the analysis establishes the main milestones among

the course of the metamorphic process. The deterministic
and probability models describing the sublimation-meta-
morphic evolution cycle of seasonal snow cover are devel-
oped, describing the polymorphic variants of this cycle
and processes of internal and external auto-regulation of
the snow metamorphism.

The core evolutionary unit of a snow cover is a
genetically integral snow layer as an elementary self-
developing natural community of crystalline individuals
of different forms. However, the origin of the mecha-
nisms of directed evolution of snow microstructure in
snow layers is situated in the crystal-medium (vapor)
system. Evolution of each snow layer is a directional
process of appearance and disappearance of successively
alternating ways of spatial ordering of ice structures
under the influence of internal environment in snow
layer as a necessary condition for this evolution.

The essence of the metamorphic transformations of
snow is not the diffusion and mechanical redistribution
of solid material in a given volume of snow, but the
staged changeover in the various means of spatial order
of the crystallized material, expressed by two morpho-
logical marks: (1) the staged changeover in forms of
crystals forms during growth or decomposition of the
crystals; (2) in the change in their external (geometric)
symmetry through successive deviation from their ideal
(crystallochemical) symmetry. The other physical char-
acteristics of deposited snow [24] are secondary and can
be even ambiguous parameters for the description of the
dynamics of the processes of snow metamorphism. Their
use is necessary but altogether insufficient for quantita-
tive assessment of the snow microstructure.

The sublimation-metamorphic cycle has evolution-
ary character. It describes the invariant process of snow
cover self-development, which can be expressed by the
known logistic (sigmoidal) curve. Irrespective the con-
ditions of the location (zonal-sectorial, vertical differ-
entiation, landscape, topological, continentality of a
given winter (within a certain range), snow density and
height of the layer above the ground), each genetic
group of crystals passes fully or partially through fun-
damentally the same stages of morphological changes,
successively superseding each other. Passing through
these stages is regulated exclusively by the internal
interactions between the growing crystals and by dis-
symmetric hydrothermal field in snowpack.

External environment (the whole soil—snow—air
system) indicates the mechanism of switching over the
course of the metamorphic cycle from one to another pro-
gram of development of snow microstructure. The major
external factor is the degree of continentality of winter
season, which determines the rates of snowpack cooling
and nonstationarity of thermal field in snow layers. The
snow accumulation regime determines the field of snow
compression and thus is also of certain importance.
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Diversity of microstructures of snow is caused by
unidirectional development of crystal’s shapes, corre-
sponding to a stage of metamorphic process, and proba-
bilistic dynamic of evolution of crystals communities by
the mechanisms of their auto-regulation. Accordingly,
snow cover can be considered as the evolutionary-adaptive
glaciosystem. Deterministic and stochastic modeling of
metamorphic processes opens a way for the long-term
prediction of potentially avalanche-hazardous state of
snowpack. The waves of self-development of a layer’s
microstructure are inevitably associated with its periodi-
cal transfer into the state of «mature» depth hoar (massive
development of skeletal shapes), i.e., into such state. At
the same time, the waves of external regulation cause the
displacement of a snow layer from one transformation
program to another. They represent sustainable develop-
ment of snow microstructure within certain periods of
external environmental disturbances, i.e., the way of
maintenance of fundamental course of snow metamor-
phism. This process may either accelerate or slow down
on the way of snow microstructure development into the
avalanche-hazardous state.

Empirically proved conformity of snow sublimation
metamorphism to natural laws suggest the «Morpho-
logical classification of crystals in snow cover», which
represents dynamic classification and, by the author’s
opinion, may become an essential addition to «The
International Classification for Seasonal Snow on the
Ground» (by supplementing the «Grain shape classifi-
cation»). The crystal-morphological and symmetry
features of snow microstructure are not purely struc-
tural but are linked to regulation by meteorological
conditions and evidently to the mechanical properties
of snow, required as the avalanche-formation factors
for the engineering computations.
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DBOJIIONHOHHAS KOHLENIMA MeTaMop(u3mMa cHera
Ha OCHOBE KPUCTALJIOMOP(OIOrHH ¥ TEOPUH CUMMETPUHI

M3noxeHa SMIIMPUIECKU 000CHOBAHHASI TEOPUS
SBOJTIOIIUY CE30HHOTO CHEXKHOTO TTOKPOBA, OITMPAOIIasI-
csl Ha ero KpUCTauIoMOo(pOJIoTHIo U (hyHIaMeHTaIbHBIS
3aKOHBI IPUPOTHON CUMMETPUH. DTO — TIPUHIINITHATIb-
HO HOBOE HaIlpaBJieHHE B Pa3BUTUU CTPYKTYPHOIO CHE-
TOBEJICHUSI KaK CaMOCTOSITeJIbHOM OTpaciau TJSIINOJIO-
ruv. CHeXHBIN MOKPOB paccMaTpUBAETCS B KaueCcTBe
hepapXxuuecku OpraHM30BaHHOI'O coodlecTBa GopMm
KPUCTAJIJI0B, PAaCTyLIUX B TECHOM B3auUMOIEHCTBUU
yepe3 napooopasHylo da3y M UCHBITHIBAIOLIMX PErYJIM-
pyloiiee (HarpasJIsioliee) BO3NEeUCTBUE U3BHE, TTPEXIE
BCETro CO CTOPOHBI aTMOC(hEPHI.

B cBeTe M3BEeCTHOTO NMPUHINAIA CUMMETPHH—
muccumMeTpun I1. Kropu pa3BuTHE CTpYKTYphI CHETa
MIpeaCcTaBiIsieT co00it HEOOpPaTUMBIM BO BPEMEHM IIPO-
1Iecc, KOTOPHIIf COCTOUT M3 TOCJIeAOBATEIbHBIX 3TAIOB
CyNepIO3ULINY (B3aMMHOTO HAJIOXEHUSI) KPUCTAJUIOXU-
MHMYECKON CUMMETPUH JIbJa KaK MUHepaja (TeHOTUTA) 1
IUCCUMMETPUU BEKTOPHOTO THMAPOTEPMUUYECKOTO TTOJIS
CHEXHOM TOJIIIM, a TAaKXe II0JII peJaKcalluu B HE
MeXaHUUYeCKUX HanpspkeHuit. B pesynbraTe hopmMupyer-
Csl TeHETUYECKHU eIMHasI LIeTIb PeabHbIX (BBIHYKICHHBIX,
JIOXKHBIX) KpUcTaIndeckux ¢opM (HPEeHOTUTIOB) KaK
crocoba MpUCIOCOOJeHUsT PacTylIMX KPUCTAJIOB K
yCIIOBUSIM cpeabl. OCHOBHAST SBOJTIOIIMOHHAS eIMHULIA —
TeHETUYECKU eIUHBIN CHEXXHBIN TOPU30HT, XOTSI UCTOKHU
STOU 3BOJTIOLIMY COCPEIOTOUYCHEI B CHCTEMAaX «KPUCTAJII—
rap» 1 «KpUCTAI—KPUCTAIIT».

Ha ocHOBe MHOTOJICTHMX CTallMOHAPHBIX HaOJIOIC-
HUII aBTOPOM YCTaHOBJICHO, YTO BpeMs (BO3pacT CHEX-
HOTO TOPM30HTA) — IJIaBHBIN (DaKTOp MepeKprCTaIN3a-
IIMY CHETa, YTO TTO3BOJISICT pacCMaTPUBATh 3TOT IIPOIIECC
KakK caMopa3BuUTHUE ropu3oHTa. PazpaboraHa smmnupuye-
CKM 00OCHOBaHHas JeTCPMUHUPOBAHHAS MOMIC/Ib, OIU-
ChIBaMOIIAsl He3aMKHYTBIN CyOJIMMallMOHHO-MeTaMOp-
ryecKuil MUK CE30HHOTO CHEXHOT'O IMMOKPOBA U MOJIU-
Mop(dHBbIe (pernoHajabHble) BapUaHThl 3TOr0 LIMKJA.
TpaexkTopusi IMKJIa HOCUT JIOTUCTUUECKMI XapakTep U
COCTOMT M3 TPEX MEPHOIOB MeTaMOP(PM3Ma: TeCTPYKTHUB-
HOTO (TTOATOTOBUTEILHOI0), KOHCTPYKTUBHOTO (BOCXO-
IISIIIET0, SKCIIOHEHIINAIBHOTO) W PEeTPECCUBHOTO (HUC-
XOISIIIETO, ACUMIITOTHYECKOT0). DTH TIepUOABI BKITIOYA-
IOT B ce0d OeBSITh CTAOMil pOCTa W ITOCICAYIOMIETO
Ppa3pyIIeHUST KPUCTAJLIOB: 00JIOMOYHYIO CTAOUIO, TIOJIA3-
IPUYECKYIO, CTAINU INIOCKUX M CTOJIOUATHIX I'PAaHHBIX
MIPU3M, TTOJTYCKEJICTHYIO 1 CKEJICTHYIO CTaINU, CEKTOPH-
aJbHYIO, TUTACTUHYATYIO M, HAKOHEIl, CyOIMMallOHHO-
¢upHOBYyIO cTaguio. Kpucraaisl B KaxkIoil cTanuy pocTta
JIal0T COOTBETCTBYIONIME KaacChl (opM. AHAJIOTUUHBIE
9Tanbl 3BOJIOIUM, 0003HAYaeMble KaK (ha3bl METaMop-
¢u3Ma, TPOXOAUT M KaXKIbIi TeHETUUECKUIA TOPU3OHT
CHEXHOM TOJIIIH.
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CHexHoblIl NOKPOB U CHeXXHble J1a8UHbl

PocT kpucTaaioB B MOJYCKEJICTHOM, CKEIIETHOM 1
CEKTOPHAJIBHOM CTaIMsSIX MOXKET WATH II0 IBYM pPErHho-
HaJIbHBIM (MOJUMOPGHBIM) BapuaHTaM: CTOJIOYaTOMY U
TUTOCKOMY. DTU BapuaHThI JAIOT IO Ba TUIa (popM KpHu-
CTaJIJIOB B KaXXKJIOM U3 YIIOMSIHYThIX KiaccoB. JI00oi1 u3
BapMaHTOB POCTa MOXKET IpeodjagaTh B CHEXXKHOM TOpH-
30HTE WJIM JaBaTh B COBOKYITHOCTHU C APYTMM CMeIlaH-
HBIN BapyuaHT. BapmuaHTBI (MJIM BETBH) IIMKJIA TIPEIOTIPEe-
JIEJISIIOTCST, C OTHOM CTOPOHBI, TEMITEPATYPHBIM COCTOSI-
HUEM CHETa, a C IPYroi — IeMCTBUEM CHIIBI TsKecTr. Mx
CTPYKTYPHBII 3(h(eKT 3aBUCUT OT IIIYOMHBI 3aIeTaHUsT U
BO3pacTa TOPU30HTA, a TAKXKE OT IUIOTHOCTH BBIIIEIeXKa-
IINX CJIOEB CHETa.

Ha ocHOBe meTepMHUHUPOBAHHON 3BOJIOLIMOHHON
MOJIeJId aBTOPOM CO3/1aHa HOBasi, KpUCTaIIoMopdoio-
rudyeckasi Kiaccudukalus OTJIOXEHHOTO CHera, Ile B
OTJIMYHUE OT MPEXKHUX MeTa(pU3NIECKUX KJTacCU(UKALINIA
(B TOM 4yMCie MEXIYHApOAHbIX) OCHOBHOE BHHUMaHUE
yaeaseTcs pacYJeHEHUI0 BTOPUYHO UAMOMOP(HOTO
CHera Ha KJIaCChl M THUITBI KPHUCTAJUIMICCKUX (PopM,
IMOCKOJIbKY MMEHHO 3T TaKCOHOMUUYECKUE KaTeTOpUu
COCTaBJISIIOT OCHOBY CTPYKTYPBhI MeTaMOp(hU30BaHHOTO
CHEXXHOTrO MOKpPOBa.

DBOJIOIMS CHEXHOTO MOKPOBa UMEET HE TOJbKO
OTHO3HAYHO JIETEPMUHUPOBAHHBIE, HO U BEPOSTHOCTHBIC
3aKOHOMEPHOCTH, YTO BEIPAKEHO HAJTMIMEM B HEM IIPO-
1IECCOB aBTOPETYIISIINK MeTaMopdusma. CTOXaCTUIHOCTh
MPOLIECCOB BhIPAXKEHA B IBYX OCHOBHBIX THUIIAX PETYIUPO-
BaHUS TMHAMUKU CHEXXHBIX TOPU30HTOB: C OIHOM CTOPO-
HbI, B UX CAMOPEryJISaUnu («IBUKECHUN» TOPU3OHTOB I10
OITHOI M3 HAuaJbHO «3aJaHHBIX» METEOYCIOBUSMU 3UMBI
IIpOTpaMM pa3BUTHSI U TIOCIICAYIOIIIEM BO3PACTHOM «Hapa-
IIUBAaHUW» WX CTPYKTYPHI), a C IPYrOi — B PeryIMpoBa-
HUU VX U3BHE TTOJI BIUSTHHEM aTMOC(HEPHBIX BO3MYIIICHIIA
(ToTerJieHU WIN MOXOJOJaHUI, CHEroMaa0B, MeTee-
BBIX SIBJICHUI U Ap.). B ocHOBe camoperyasuuu JeXuT
CTaIUiHOE Pa3BUTHE KPUCTATMYECKUX (POPM MpPU BHY-

TPEHHUX B3aMMOICHCTBHSIX B UX TCHETUUCCKU COUHOM
coobmecTBe. [1poncxXomuT Bo3pacTHOE CaMOYCIOXKHEHIE
CTPYKTYPHI TOPU30HTA ITyTEM TEPUOANIECKOTO TTOSIBIIC-
HUSI HOBOI reHepalyy KpUcTaioB. BHelIHMe ke BO3MY-
IeHusT (PEeryJIsilus U3BHE) TEPEBOISIT CHEXHBIIA TOpu-
30HT C OJHOW IPOrpaMMBbl Pa3BUTHSI HA APYIYIO M TeM
CaMBIM He TOJIBKO YCKOPSIIOT WM, HA000POT, 3aMEUISIOT
00IIYyI0 CKOPOCTh MeTaMopdu3Ma, HO M MPUBOIAT K
Ka4eCTBEHHO MHBIM CTPYKTYPHBIM pe3yJbTaTaM, 4yeM
«3a7aBaJIOChk» BHAJaJIe.

B xoHCTpyKTHUBHOM MeTamMop(du3Me cHera JeiCTBY-
0T MEXaHU3MbI €CTECTBEHHOI'O OTOOpa PacTyIIUX UHIU-
BHUJIOB, U TI0 aHAJIOTHH C 3BOJIIOLIMEI OMOCHCTEM MOXKHO
CUUTATh, YTO TOT OTOOP — OCHOBHAS IBIIXYINAsl cCuja
HaTpaBJIEHHOW 3BOTIOINY KPUCTAJUTMIECKUX COOOIIIECTB
B CHEXXHBIX TOpU30HTaX. BOJTHBI caMoOperyisium — 3TO
SIBJIEHUE CTAaOMJIM3UPYIOLIEro 0Toopa, CIoCOOCTBYOIIE-
ro MPOIJICHUIO Tepruoaa KOHCTPYKTUBHOTO METaMoOp-
¢u3Ma B CHEKHOM TOPU3OHTE MYTEM IEPUOINIECKOTO
BO3pAaCTHOTO HapallUBaHUS €ro CTPYKTYphl. BHeITHSIS
XK€ peryasius OCyUIeCTBASET afanTUBHBINA OTOOp —
IMOCTOSTHHOE TIPHCITOCOOJICHNE CHEXXHBIX TOPU30HTOB K
HOBBIM YCJIOBUSIM 3UMHEro pexxuma. TakuMm o0pasoMm,
CHEXHbI MOKPOB B LieJOM IpeAcTaBiasieT coboit
agarTUBHO-3BOJIIOIIMOHHYIO TJISIIIMOCUCTEMY.

C BHYTPEHHUMHU W BHEITHUMU BOJTHAMM aBTOPETY-
JISIUA MeTaMopGH3Ma HEM30eKHO CBSI3aHBI TTEPHOIM -
yecKHe TepeXoabl TOPU30HTOB B COCTOSTHUE «3pPEIoii»
[JIyOMHHOW U3MOpPO3U, T.€. B MOTEHUMATbHO JJABUHOO-
MacHOe COCTOsIHUE. Y3J10Bas 3a7ava OlnepaTUBHOIO Mpo-
THO3MPOBAHUS «JIAaBUH 3aMEIJCHHOIO NEUCTBUSI» —
YETKO pa3rpaHNICHHE MEXKIY COOOI MPOIIECCOB caMOpe-
TYJASIUN CHEXHBIX TOPU30HTOB M PETYJIUPOBAHUS HUX
n3BHe. KpoMe Toro, Takoe pasrpaHudeHUe MO3BOJISIET
BBISIBUTh Y YITOPSIIOYNTH BCE TIPUPOTHOE MHOTOOOpasue
pEeruoHaJbHBIX U JIOKaJbHBIX MeTaMOP(PU30BaHHBIX
CTPYKTYP CE30HHOT'O CHEXKHOTO MOKPOBa.
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