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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 classifi cation 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 infl uence 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 
fundamental 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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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 L66L26PaPeС – 6/mmm1 (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).

Table 1. Guiding morphological features of depth hoar crystals for determining their symmetry
Subgroup of 

symmetry
Form and formula of symmetry* Shape of crystals Symmetry of crystal-forming medium

A. Forms of matched orientation of growing crystals and feeding mediums

Hexagonal

Plane-axial L66L26PaPeC – 6/mmm Hexagonal prism
Sphere ∞L∞∞PaC – ∞/∞m or stationary 

cylinder L∞∞L2∞PaPeC – ∞/mm
Center L6PeC – 6/m Prism with pyramidal complexities Rotating cylinder L∞PeC – ∞/m
Plane L66Pa – 6mm Hexagonal pyramid Stationary cone L∞∞Pa – ∞m
Axial L66L2 – 622 Hexagonal trapezohedron Twisted cylinder L∞∞Pa – ∞m
Primitive L6 – 6 Trigonal bipyramid Rotating cone L∞ – ∞

Trigonal

Plane-axial L33L23PaPeC – m Ditrigonal prism Stationary cylinder L∞∞L2∞PaPeC – ∞/mm

Center L3C – Trigonal rhombohedron Rotating cylinder L∞PeC – ∞/m

Plane L33Pa – 3m Ditrigonal pyramid Stationary cone L∞∞Pa – ∞m
Axial L33L2 – 32 Trigonal trapezohedron Twisted cylinder L∞∞L2 – ∞2

Primitive L3 – 3 Trigonal pyramid Rotating cone L∞ – ∞

Rhombic

Plane-axial 3L22PaPeC – mmm Pseudorhombic prism + pinacoid
Stationary ellipsoid of rotation 

L∞∞L2∞PaPeC – ∞/mm

Plane L22Pa – mm2 Pseudorhombic pyramid, prism
Elliptically stationary cone of rotation 

L∞∞L2∞Pa – ∞m

Monoclinic

Plane-axial L2PeC – 2/m Rhombic prism + pinacoid or three 

pinacoids

Three-axial stationary 

ellipsoid 3L23PaC – mmm
Axial L2 – 2 Pseudorhombic pyramid Three-axial fixed cone L22Pa – mm2

Plane Pe – m Pseudorhombic prism with 

orthogonal axes

Triaxial horizontally rotating ellipsoid 

3L2PaC – m
B. Forms of unmatched orientation of growing crystals and mediums

Monoclinic Plane Pa – m Regular oblique pseudomonoclinic 

prism or pyramid

Rotating cylinder or three-axial ellipsoid 

superimposed on a stationary cylinder or cone

Triclinic

Center Ci(Li) – − Irregular oblique pseudotriclinic prism Rotating cylinder and two three-axial 

stationary ellipsoids on different planes 

imposed on a stationary cylinder or conePrimitive – −1
Irregular oblique 

pseudotriclinic pyramid

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

1In here, the formulas of symmetry by Brave and symbols of symmetry by International nomenclature of German–Mogen [11] are 

adduced. In formula of symmetry: Ln – the axis of symmetry of the n-th order; Pa – the plane of symmetry parallel to the main 

crystallographic (optic) axis of crystal; Pe – 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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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, g).

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 ∞/mm for the 

prism and ∞m 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, j). 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, i). 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-

Fig. 1. Basic types of symmetry of crystal-forming medium in 

the snow cover.
Simple types of symmetry: a  – sphere symmetry; b, с – 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; h – combination of fluxes with symmetries of a cone and sta-

tionary ellipsoid of rotation; j, k, l – 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

Рис. 1. Основные типы симметрии кристаллообразующей 

среды в снежном покрове.
Простые типы симметрии: а – симметрия шара; b, с – симме-

трия соответственно неподвижного и вращающегося цилиндра; 

d – симметрия неподвижного конуса; e – рост кристаллов, при-

креплённых к стенке в однонаправленной среде с симметрией 

конуса; f – то же в среде с симметрией цилиндра. Составные 
типы симметрии: g, i – сочетания питающих потоков с симме-

трией конуса и вращающегося цилиндра; h – сочетание пото-

ков с симметрией конуса и неподвижного эллипсоида враще-

ния; j, k, l – комбинации симметрий питающей среды – соот-

ветственно конуса, неподвижного и вращающегося цилиндра и 

неподвижного эллипсоида вращения. С – растущий кристалл 

(стрелками показано направление подтоков питания к кристал-

лу). Формулы типов симметрии приведены в табл. 1
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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, f, j).

Finally, mediums with the most complex form of 

symmetry (see Fig. 1, l) 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 

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

Рис. 2. Некоторые формы роста и разрушения снежных кристаллов, характеризующие периоды и стадии сублима-

ционно-метаморфического цикла в снежной толще. Объяснения см. в тексте
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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-

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. 1 – 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

Рис. 3. Сублимационно-мета морфический цикл сухого сезонного снега.
А – основные этапы онтогенеза кристаллов в сухом снежном покрове, их стадийного роста и последующего разрушения. Пока-

заны два основных варианта (программы) сублимационного онтогенеза: плоский (вверху) и столбчатый (внизу). B – принципи-

альная схема сублимационно-метаморфического цикла. 1 – переходы основной (элементарной) цепи преобразований форм 

кристаллов и снежных горизонтов; 2 – переходы возрастного усложнения структуры горизонтов и смещения их с одного вари-

анта (программы) метаморфизма на другую
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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 (I1), polyhedral (I2), stages of planar and 

columnar faceted prisms (II1 and II2), semiskeletal and 

skeletal stages (II3 and II4), sectorial (III1), plate-

like (III2) and, finally, the sublimation-firn stage (III3). 

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, h, i). 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, g).

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 

(II3
col→II4

col→III1
col) and planar (II3

pl→II4
pl→III1

pl). 

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 19th 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: 1, 
2, skeleton apical planar and spatial (dendrites); 3, iso-

metric polyhedral; 4, 5, faceted prismatic planar and 

columnar; 6, faceted pyramidal-prismatic («bullets»); 7, 
8, semiskeleton planar and columnar; skeleton rib-like 

prismatic and pyramidal shapes:  9,  10, planar; 

11–13, columnar; 14, skeleton rib-like pyramidal-pris-

matic («cups» and «wineglasses»); 15, 16, sectorial planar 

and columnar; 17, 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 c 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 = (n11 + n00)/N,

where n11 and n00 – 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 S ≥ 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 (S = 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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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 c 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 

Table 2. Matrix of coefficients of similarity of taxonomic units, with distinction of classes of forms of crystals
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e
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t)

1 1.00 Classes of primary idiomorphic snow

2 0.91 1.00

3 0.55 0.64 1.00 Polyhedral class

4 0.64 0.59 0.68 1.00

5 0.59 0.59 0.68 0.82 1.00 Faceted classes

6 0.64 0.73 0.73 0.77 0.77 1.00

7 0.59 0.50 0.50 0.59 0.64 0.59 1.00 Semiskeletal class

8 0.55 0.50 0.46 0.59 0.77 0.59 0.77 1.00

9 0.73 0.64 0.41 0.50 0.50 0.46 0.68 0.55 1.00

10 0.68 0.59 0.41 0.55 0.46 0.50 0.64 0.50 0.86 1.00

11 0.64 0.64 0.46 0.50 0.59 0.46 0.68 0.73 0.82 0.73 1.00 Skeletal classes

12 0.64 0.64 0.46 0.50 0.55 0.50 0.59 0.64 0.86 0.68 0.91 1.00

13 0.59 0.68 0.41 0.46 0.46 0.59 0.64 0.55 0.73 0.82 0.77 0.77 1.00

14 0.59 0.68 0.50 0.46 0.46 0.59 0.64 0.59 0.77 0.73 0.77 0.77 0.91 1.00

15 0.64 0.55 0.46 0.50 0.50 0.55 0.68 0.55 0.82 0.86 0.64 0.64 0.68 0.68 1.00

16 0.55 0.64 0.50 0.50 0.50 0.64 0.68 0.55 0.64 0.68 0.73 0.73 0.86 0.86 0.82 1.00

17 0.77 0.68 0.59 0.73 0.64 0.59 0.68 0.59 0.86 0.82 0.68 0.68 0.64 0.64 0.86 0.68 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.
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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 

Table 3. Morphological classification of crystals in snow cover

Genetic type of snow
Surface of 

crystals

Classes of forms 

of crystals

Types of forms 

of crystals
Symbol

Conventional 

designations

Primary idiomorphic snow 

(new-deposited and old snow)
Hypidiomorphic

Faceted
Planar

I0Columnar

Skeletal poly-crystal Planar

Clastic un/d* I1

Isomorphic snow 

(new-deposited and metamorphosed)
Allotriomorphic

Regelation-
polyhedral Isometric I0

Corrasion-

Sublimation-polyhedral
Planar III3

Isometric I2

Second-idiomorphic snow 

(metamorphosed, depth hoar)
Hypidiomorphic

Faceted
Planar II1

Columnar II2

Semi-skeletal

Planar IIP
3

Columnar IIC
3

un/d II3

Skeletal mono-crystal

Planar IIP
4

Columnar IIС
4

un/d II4

Sectorial

Planar IIIP
1

Columnar IIIС
1

un/d III1

Plate-like Planar III2

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

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: с – 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: 1 – 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
Рис. 4. Стохастические структурные модели авторегуляции сублимационного метаморфизма в горизонтах снежной толщи.
Модели саморегуляции (саморазвития): а – полная столбчатая программа; прослеживаются линейный цикл преобразований 

форм кристаллов и два цикла возрастного усложнения структуры горизонта; b – неполная плоская программа; столбчатые гран-

ные индивиды скелетных форм не дают. Модели регуляции метаморфизма извне: c – полигенетическая программа с одним необ-

ратимым возмущением, переходом от плоского алгоритма к столбчатому; d – полигенетическая программа с одновременным 

плоским и столбчатым ростом кристаллов; плоский скелетный рост начинается раньше и идёт быстрее, чем столбчатый. Веро-

ятности (частоты) переходов одних классов форм в другие: 1 – 0,01–0,25; 2 – 0,26–0,50; 3 – 0,51–0,75; 4 – 0,76–1,00. 1 шаг ≈ 25–

35 дней. Остальные обозначения см. на рис. 3, В
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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 (see 

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.

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
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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, c). 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.

References
1. Арманд Д.Л. Наука о ландшафте. М.: Мысль, 1975. 287 с.

2. Вернадский В.И. Химическое строение биосферы Земли 

и ее окружения. М.: Наука, 1965. 374 с.

3. Григорьев Д.П., Жабин А.Г. Онтогения минералов. Инди-

виды. М.: Наука, 1975. 339 с.

4. Коломыц Э.Г. Структура снега и ландшафтная индикация 

[Snow structure and landscapes indication]. М: Наука, 1976. 

206 с.

5. Сократов С.А., Трошкина Е.С. Развитие структурно-

стратиграфических исследований снежного покрова // 

МГИ. Вып. 107. 2009. С. 103–109.

6. Тимофеев-Ресовский Н.В., Воронцов Н.Н., Яблоков А.В. 

Краткий очерк теории эволюции. М.: Наука, 1977. 301 с.

7. Тушинский Г.К, Гуськова Е.Ф., Губарева В.Д. Перекри-

сталлизация снега и возникновение лавин. М.: Изд-во 

МГУ, 1953. 116 с.

8. Чернов Р.А. Влияние температурного режима снежной 

толщи на образование горизонтов разрыхления // МГИ. 

Вып. 94. 2003. С. 100–102.

9. Шафрановский И.И. Лекции по кристалломорфологии. 

М.: Высшая школа, 1968. 174 с.

10. Шефталь Н.Н., Коломыц Э.Г. Эволюция конечных форм 

роста кристаллов в зависимости от вхождения среды в их 

состав // Acta Physica Academiae Scientiarum  Hungaricae. 

1973. T. 33. № 3–4. P. 335–351.

11. Шубников А.В. Избранные труды по кристаллографии. 

М.: Наука, 1975. 548 с.

12. Юшкин Н.П. Теория и методы минералогии. Л.: Наука, 

1977. 291 с.

13. Ashby W.R. Introduction to Cybernetic. London, Macmillan 

& Co, 1956. 430 p.

14. Bailey N.T.J. The mathematical approach to biology and 

medicine. London–New York–Sydney: John Wiley and sons, 

1967. 326 p.

15. Bartelt P., Buser O., Sokratov S.A. A nonequilibrium treat-

ment of heat and mass transfer in alpine anowcowers // 

Cold Region Science and Technology. 2004. V. 35. № 39. 

P. 219–242.

16. Bartelt P., Lehning M. A physical SNOWPACK model for 

Swiss avalanche warning. Part I; numerical model // Cold 

Region Science and Technology. 2002. V. 35. № 3. P. 123–145.

17. Bozhinskiy A.N., Nazarov A.N., Chernous P.A. A probabilistic 

model of snow avalanche: origin and motion // Data of Gla-

ciological Studies. 2002. Publ. 93. P. 79–84.

18. Brown R.L., Edens M.Q. On the relationship between neck 

length and bond radius during compression of snow // Journ. 

of Glaciology. 1991. V. 37. № 126. P. 203–208.

19. Brun E., David P., Sudul M., Brunot G.A. A numerical model 

to simulate snow-cover stratigraphy for operational avalanche 

forecasting  // Journ. of Glaciology. 1992. V. 38. № 128. 

P. 13–22.

20. Colbeck S.C. An overview of seasonal snow metamorphism // 

Reviews of Geophys. And Space Phys. 1982. V. 20. № 1. 

P. 45–61.

21. Colbeck S., Akitaya E., Armstrong R., Gulber Y., Lafeuille J., 
Lied K., McClung D. The International Classification for Sea-

sonal Snow on the Ground. Intern. Commission of Snow and 

Ice of Internat. Assoc. of Scientif. Hydrology. Working group 

on Snow Classification, 1990.

22. Durand Y., Brun E., Merindol L., Guyomarc’h G., Lesaffre B., 
Martin E. A meteorological estimation of relevant parameters 

for snow model // Annals of Glaciology. 1993. V. 18. 

P. 65–71.

23. Edens M.Q., Brown R.L. Changes in microstructure of snow 

under large deformation // Journ. of Glaciology. 1991. V. 37. 

№ 126. P. 193–202.

24. Fierz C., Armstrong R.L., Durand Y., Etchevers P., Greene E., 
McClung D.M., Nishimura K., Satyawali P.K., Sokratov S.A. 
The international classification for seasonal snow on the 

ground (UNESCO, IHP (International Hydrological 

Programme)–VII, Technical Documents in Hydrology, 

No 83; IACS (International Association of Cryospheric Sci-

ences) contribution № 1). Paris: UNESCO/Division of Water 

Sciences, 2009. vi+67+18 pp.

25. Golybev V.N., Frolov A.D. Modelling the change in structure 

and mechanical properties in dry-snow densification to ice // 

Annals of Glaciology. 1998. V. 26. P. 45–50.

26. Handbook of snow. Principle, processes, management & 

use / Gray D.V., Male D.H. (Eds.). Toronto, Division of 

Hydrology, University of Saskatchewan, Saskatoon, Canada, 

1981. 750 p.



- 45 -

E.G. Kolomyts

27. Harbaugh J.W., Bonham-Carter G. Computer simulation in 

geology. New York–London–Sydney–Toronto. Wiley-Inter-

science, 1970. 320 p.

28. Kaempher Th.U., Sokratov S.A., Schneebeli  M. The effect of 

the structural evolution of snow on heat transfer // Proc. of 

the 3rd International Symposium on two-phase flow model-

ling and experimentation, Pisa, Italy, 22–25 September, 

2004 / Eds. G.P. Celata, P. Di Marco, A. Mariani and 

R.K. Shah. Edizioni ETS, Pisa, 2004. V. 2. P. 715–720.

29. Kobayashi Т. Experimental researches on the snow crystal 

habit and growth by means of diffusion cloud chamber // 

Journ. Met. Soc. Japan. 1957. 75th ann. V. P. 38–47.

30. Kolomyts E.G. A Crystal-morphological Atlas of Snow 

(A Handbook for Snow-Avalanche Station). Birmensdorf, 

Swiss Federal Inst. for Forest, Snow and Landscape Research, 

1997. 130 p.

31. Lehning M., Bartelt P.B., Brown R.L., Fierz Ch. A physical 

SNOWPACK model for the Swiss avalanche warning: Part III: 

meteorological forcing, thin layer formation and evolution // 

Cold Region Science and Technology. 2002. V. 35. P. 169–

184.

32. Nakaya U. Snow crystals: natural and artificial. Cambridge, 

MA. Harvard Univ. Press, 1954. 288 p.

33. Odum E.P. Basic Ecology. V. 2. Philadephia–New York–

Chicago. Saunders College Publishing, 1983. 376 p.

34. Paulke W. Eisbildungen. I. Der Schnee und seine Diade-

nese. Zeitschrift f r Gletcherkunde. 1934. Bd. 21. S. 25.

35. Pielmeier Chr., Schneebeli M. Developments in the stratigra-

phy of snow // Surveys in Geophysics. 2003. V. 24. P. 389–416.

36. Schaefer V.J., Klein G.J., de Quervain M.R. The Interna-

tional Classification for Snow (with special reference to 

snow on the ground). 31. The Commission of Snow and Ice 

of the Internat. Assoc. of Hydrology. Ottawa, Canada: Asso-

ciate Committee on soil and snow mechanics. National 

Research Council, 1954.

37. Seligman G. Snow Structure and Ski Fields. London: Mac-

millan and Co. Ltd., 1936. 555 p.

38. Shneebeli M., Sokratov S.A. Tomography of temperature 

gradient metamorphism of snow and associated changes in 

heat conductivity // Hydrological Processes. 2004. V. 18. 

№ 18. P. 3655–3665.

39. Sokratov S.A. Parameters influencing the recrystallization 

rate of snow // Cold Regions Science and Technology. 2001. 

V. 33. № 2–3. P. 263–274.

40. Sokratov S.A., Barry R.G. Intraseasonal variation in the 

thermoinsulation effect of snow cover on soil temperatures 

and energy balance // Journ. of Geophys. Research. b – 

Atmosphere. 2002. V. 107 (D10). 4093 (ACL 13 1–6).

41. Sommerfeld R.A., LaChapelle E.R. The classification of 

snow metamorphism // Journ. of Glaciology. 1970. V. 9. 

№ 55. P. 3–17.

42. Watanabe Z. Tensile strain and fracture of snow // Journ. of 

Glaciology. 1980. V. 26. № 94. P. 255–262.

43. Yosida Z. Surface structure of ice crystal and its equilibrium 

form // Proc. of the Intern. Conf. on Low Temperature Sci-

ence. I. Physics of snow and ice. V. 1. Pt. 1, ILTS: 1967. 

Р. 1–19.

44. Yushkin N.P. Informative laws of crystal genesis and genetic 

informative significance of natural crystals. Fourth Intern. 

Conf. Crystal Growth, Collected Abstracts. Tokyo, 1974. 

P. 273–274.

Эволюционная концепция метаморфизма снега 
на основе кристалломорфологии и теории симметрии

Изложена эмпирически обоснованная теория 

эволюции сезонного снежного покрова, опирающая-

ся на его кристалломофологию и фундаментальные 

законы природной симметрии. Это – принципиаль-

но новое направление в развитии структурного сне-

говедения как самостоятельной отрасли гляциоло-

гии. Снежный покров рассматривается в качестве 

иерархически организованного сообщества форм 

кристаллов, растущих в тесном взаимодействии 

через парообразную фазу и испытывающих регули-

рующее (направляющее) воздействие извне, прежде 

всего со стороны атмосферы.

В свете известного принципа симметрии–

диссимметрии П. Кюри развитие структуры снега 

представляет собой необратимый во времени про-

цесс, который состоит из последовательных этапов 

суперпозиции (взаимного наложения) кристаллохи-

мической симметрии льда как минерала (генотипа) и 

диссимметрии векторного гидротермического поля 

снежной толщи, а также поля релаксации в ней 

механических напряжений. В результате формирует-

ся генетически единая цепь реальных (вынужденных, 

ложных) кристаллических форм (фенотипов) как 

способа приспособления растущих кристаллов к 

условиям среды. Основная эволюционная единица – 

генетически единый снежный горизонт, хотя истоки 

этой эволюции сосредоточены в системах «кристалл–

пар» и «кристалл–кристалл».

На основе многолетних стационарных наблюде-

ний автором установлено, что время (возраст снеж-

ного горизонта) – главный фактор перекристаллиза-

ции снега, что позволяет рассматривать этот процесс 

как саморазвитие горизонта. Разработана эмпириче-

ски обоснованная детерминированная модель, опи-

сывающая незамкнутый сублимационно-метамор-

фический цикл сезонного снежного покрова и поли-

морфные (региональные) варианты этого цикла. 

Траектория цикла носит логистический характер и 

состоит из трёх периодов метаморфизма: деструктив-

ного (подготовительного), конструктивного (восхо-

дящего, экспоненциального) и регрессивного (нис-

ходящего, асимптотического). Эти периоды включа-

ют в себя девять стадий роста и последующего 

разрушения кристаллов: обломочную стадию, полиэ-

дрическую, стадии плоских и столбчатых гранных 

призм, полускелетную и скелетную стадии, сектори-

альную, пластинчатую и, наконец, сублима ционно-

фирновую стадию. Кристаллы в каждой стадии роста 

дают соответствующие классы форм. Аналогичные 

этапы эволюции, обозначаемые как фазы метамор-

физма, проходит и каждый генетический горизонт 

снежной толщи.
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Рост кристаллов в полускелетной, скелетной и 

секторнальной стадиях может идти по двум регио-

нальным (полиморфным) вариантам: столбчатому и 

плоскому. Эти варианты дают по два типа форм кри-

сталлов в каждом из упомянутых классов. Любой из 

вариантов роста может преобладать в снежном гори-

зонте или давать в совокупности с другим смешан-

ный вариант. Варианты (или ветви) цикла предопре-

деляются, с одной стороны, температурным состоя-

нием снега, а с другой – действием силы тяжести. Их 

структурный эффект зависит от глубины залегания и 

возраста горизонта, а также от плотности вышележа-

щих слоев снега.

На основе детерминированной эволюционной 

модели автором создана новая, кристалломорфоло-

гическая классификация отложенного снега, где в 

отличие от прежних метафизических классификаций 

(в том числе международных) основное внимание 

уделяется расчленению вторично идиоморфного 

снега на классы и типы кристаллических форм, 

поскольку именно эти таксономические категории 

составляют основу структуры метаморфизованного 

снежного покрова.

Эволюция снежного покрова имеет не только 

однозначно детерминированные, но и вероятностные 

закономерности, что выражено наличием в нём про-

цессов авторегуляции метаморфизма. Стохастичность 

процессов выражена в двух основных типах регулиро-

вания динамики снежных горизонтов: с одной сторо-

ны, в их саморегуляции («движении» горизонтов по 

одной из начально «заданных» метеоусловиями зимы 

программ развития и последующем возрастном «нара-

щивании» их структуры), а с другой – в регулирова-

нии их извне под влиянием атмосферных возмущений 

(потеплений или похолоданий, снегопадов, метеле-

вых явлений и др.). В основе саморегуляции лежит 

стадийное развитие кристаллических форм при вну-

тренних взаимодействиях в их генетически едином 

сообществе. Происходит возрастное самоусложнение 

структуры горизонта путём периодического появле-

ния новой генерации кристаллов. Внешние же возму-

щения (регуляция извне) переводят снежный гори-

зонт с одной программы развития на другую и тем 

самым не только ускоряют или, наоборот, замедляют 

общую скорость метаморфизма, но и приводят к 

качественно иным структурным результатам, чем 

«задавалось» вначале.

В конструктивном метаморфизме снега действу-

ют механизмы естественного отбора растущих инди-

видов, и по аналогии с эволюцией биосистем можно 

считать, что этот отбор – основная движущая сила 

направленной эволюции кристаллических сообществ 

в снежных горизонтах. Волны саморегуляции – это 

явление стабилизирующего отбора, способствующе-

го продлению периода конструктивного метамор-

физма в снежном горизонте путём периодического 

возрастного наращивания его структуры. Внешняя 

же регуляция осуществляет адаптивный отбор – 

постоянное приспособление снежных горизонтов к 

новым условиям зимнего режима. Таким образом, 

снежный покров в целом представляет собой 

адаптивно-эволюционную гляциосистему.

С внутренними и внешними волнами авторегу-

ляции метаморфизма неизбежно связаны периоди-

ческие переходы горизонтов в состояние «зрелой» 

глубинной изморози, т.е. в потенциально лавиноо-

пасное состояние. Узловая задача оперативного про-

гнозирования «лавин замедленного действия» – 

четко разграничение между собой процессов саморе-

гуляции снежных горизонтов и регулирования их 

извне. Кроме того, такое разграничение позволяет 

выявить и упорядочить все природное многообразие 

региональных и локальных метаморфизованных 

структур сезонного снежного покрова.
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