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PREFACE

This translation is the second arranged by the Permafrost
Subcommittee of the Associate Committee on Soil and Snow Mechanics
of the National Research Council of the Russian permafrost publica-
tion "Principles of Geocryology". The first translation in this
group was of Chapter VI entitled "Heat and Moisture Transfer in
Freezing and Thawing Soils" by G.A. Martynov (TT-1065).

This translation of Chapter IV by P.F. Shvetsov reviews the
varlous i1deas of the orligin and nature of permafrost which have been
developed since the nineteenth century. Following this review, the
current concept of permafrost as a conditlon arising from a negative
heat balance in the ground is discussed. The extent of permafrost
and its temperature regime are a reflection of heat exchange between
i1t and the surrounding lithosphere and atmosphere. Because perma-
frogt 1s very sensitive to thermal changes, even small fluctuations
in the heat exchange between it and i1ts environment can result in
noticeable changes in its occurrence and character.

The Division of Bullding Research is grateful to Mr. G. Belkov
of the National Research Council's Translations Section for trans-
lating thils chapter 1in response to the request of the Permafrost
Subcommittee.

Ottawa R.F. legget
February 1964 Director
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GENERAL MECIAWNISMS OFF THE FORMATION
AND DEVELQOPMENT O PERMAFROST

The most Important problem 1n the study of permafrost is the elucldatilion
and comprehension of the mechanisms involved in the freezing and thawlng of
the earth's crust, and the formatlion of frozen layers and strata of the litho-
sphere. At the basls of particular laws applicable to the study of permafrost
is the law of the conscrvatlon and transformation of matter and energy. Along
with the general and particular laws governing the development of nature there
are also empirical and theoretically established mechanisms of variations in
depth of freezing, the composition, structure, temperature and thickness of
the frozen strata of the earth's surface.

The Iinterrclationship and transfer of heat and mechanical forms of motion
become evident in the process of freezing, for example, an active layer of
clay soil underlain by a frozen supsoll: the so0l1l cover is deformed - 1t
heaves and cracks. The same is observed in the formation of lce and peat
mounds. The thawing of soil that has a high ice content is accompanied by
settlement of the s0ll strata and depressions in the surface of the ground.

Before setting out present-day notions of the conditions and mechanisms
of the growth and development of permafrost 1t would be well to make a brief
résund of the conclusions derived by our predecessors on thils subJect. A
valld evaluation of the role played by these sclentists in solving this ques-
tion can only be made in a historical perspective.

"The concentration of frozen soll is obviocusly inside the Arctic Circle
since the permafrost herc¢ 1is only an expression of constancy and force with
which the cold of the atmosphere, regardless of the resistance of the internal
heat of the earth, has penetrated the soi1l", - this 1s the way the origin and
the conditions for the existence of permafrost was explained by A.F. Mliddendorf
(1852, page 467). There 1s nothing surprising in this if one takes 1into
account the fact that at this time the phlogilston theory was in vogue by which
many thermal phenomena were explained incorrectly but simply and graphically.
Molecular-thermal motlon and the thermodynamic characteristics of the state of
physical systems In pencral and the carth's crust in particular were not
generally accepted, although M.V. Lomonosov more than 100 years previously in
1744 maintained that the heat of bodiles consists in internal motion. In 1753
he urote that "the earth's surface heated by the sun and the rays reflected
from 1t act more on the lower strata of the atmosphere than on the middle or
upper strata"; "the earth's surface having becen hcated by the hot summer sun
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warms up the ailr lying on it which then expands and displaces the cold middle
strata of the atmosphere above the clouds" (1952, Vol. 3, pages 39 and 45).

The approach of G. Vil'd to determining the southern boundary of perma-
frost in Russlia was also based on the concept of a relatlionship between con-
stant (mean annual) temperature of the air alone, The extremely cold climate
and the below-freezing mean annual ailr temperatures were advanced as the sole
reasons for the origin and existence of permafrost 1n the earth's crust. Not
only was the earth's crust below the layer of variable annual temperatures but
even the upper layer of soll 1n its relationshilp to the atmosphere remained as
i1f inert, passive heat and cold recelivers during the development of permafrost
and during the ages of 1ts existence. This approach to the study and deter-
mination of the distribution of permafrost or frozen strata of the earth's
crust, in the 1light of new data and a sclentific approach, turned out to be
inconsistent; however, parts of this approach can be found in the work of
permafrost scientists even up to the present time.

Scientists came much later and gradually to the establlshment of an
interrelationshlp between the temperatures of the air, soil and subsoll and
also to the important role of the soill in forming the thermal regime of the
atmosphere adjacent to the soll and that of the lithosphere in explaining the
origin of permafrost. The filrst steps in this direction were taken by A.I.
Voeilkov and L.A. Yachevskilil.

The importance of the investigation of the great Russian geophysicist and
geographer A.I. Voeikov, the founder of genetlc climatology, in the study of
permafrost zones is not limited only to the establishment of the role of snow
cover and winter lInversion in the distributlion of air temperature or heat
exchange between the earth's crust and the atmosphere and outer space. One
can say without exaggeration that A.I. Voelkov worked out the first principles
of the concept of heat exchange 1in the system lithosphere-~-soil-atmosphere
which corresponded fully with the level of the development of physics at the
end of the 19th century.

On finishing university A.I. Voeikov in 1865 defended a thesis of the
title: "The direct insolation in various regions of the earth's surface".
Soon after he posed a very important geophysical problem "Keeping an input-
output log of solar heat received by the earth and its atmospheric and aqueous
shells" (Voeikov, 1884); this was done at a time when scientifilc actinometry
did not yet exist (Budyko, 1956).

In 1886 A.I. Voeikov, basing hls work on what was still a small quantity
of geothermal data, formulated the principle of equilibrium thermal state of
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the earth's crust; if the quantity of heat recelved by the soll from the sun
remalns constant over a prolonged perlod of time or changes very negligibly,
the heat loss from the layer of earth with variable temperatures throughout
the year reaches an equilibrium with the heat arriving from the sun and from
deeper layers of the lithosphere. The 1ndex of equilibrium in the thermo-
dynamlc interraction of the soll with the lithosphere, atmosphere and outer
space 1s the mean annual temperature of the earth's crust.

"Equilibrium", wrote A.I. Voeilkov, "should have been estahlished every-
where on the earth's surface but of course because of the difference in the
amount of solar heat received, and because of other conditions when the mean
temperature of the surface 1s high In the warmer countrles of the earth,
equilibrium set in at approximately +30°C whereas in the coldest countries it
was approximately ~20°C" (Voeikov, 1952, page 378).

Independent of M.V. Lomonosov who taught in 1753 that "The earth's
surface covered by a deep layer of snow transfers less heat to the adjacent
atmosphere", A.I. Voelkov established that:

"(1) Snow as a poor conductor of heat protects the soll from cooling all
the while the tenperature of the air and surface of the show is below 0°C;
(2) this effect is the greater the less the density of the snow; the effect 1is
the least when the snow 1s saturated with water or 1s packed and has an icy
structure; (3) when the temperature 1s above 0°C the effect of snow on the
temperature of the soil is inverse; (4) snow decreases variation in the tem-
perature of the soll absolutely and relatively; (5) the snow cover helps to
retaln the heat In the earth's surface protecting 1t from radiation. Without
snow the temperature of the land would be much lower than it is now"
(Voeikov, 1889, page 186).

Thus both A,I. Voeikov and M.V. Lomonosov considered the earth in the
thermodynamic sense as beilng a self-developing system which actively partici-
prates I1n the heat exchange with the atmosphere., According to P.I. XKoloskov,
A, T. Voelkov not only discovered and showed the extensilve effect of snow cover
on the temperature of the earth but also 1ndlcates that the snow cover helps
to retailn heat in the soll and thus facllitates coolilng of the atmosphere
lying above the snow (Koloskov, 1952). In criticizing the opinion of Vil'd
who considered that the southern boundary of permafrost coinclded with the
mean annual isotherm of the ailr at -2°C, A,I. Voelkov suggested that in some
regions of Siberia where there 1s deep snow in the winter the subsoil would
not be frozen even if the mean annual temperature of the alr were -5°C.

L.A. Yachevskli, a contemporary of Voeikov, also elucldated the role of
snow cover in the heat exchange between the s0ll and the atmosphere. Using
the reglon of Turukhansk as an example he showed that 1t was impossible to
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have deep penetration of frost into the ground when there is deep loose Bnow
on the ground even when the mean annual temperature of the air is -7°
(Yachevskii, 1889).

In the opinion of Yachevskii the origin, duration and the particular
features of permafrost zones - 1its temperature, depth and extent of discontin-
ulty - are determined not only by climatic but .also geological conditions.

The geological, geomorphological and hydrological conditions of the heat
exchange between the soil and the atmosphere and lithosphere were called local
conditions by Yachevskii as contrast to climatic conditions.

A paper published by Voeikov in 1904 "The thermal cycle in the outer
shell of the earth's crust" was and continues to be of great importance in
explaining the mechanism of the formation and development of permafrost. It
can be considered 2 classical scientific work on the questlon of heat exchange
between the earth's crust and the atmosphere and outer space.

In this paper* A,I. Voelkov develops the principle, advanced by him in
1886, of the equilibrium of the thermal state of the earth's crust which was
called the law of equilibrium in tenperature distribution in the s0il and
lithosphere, In spite of the differences between temperature distribution in
the earth's crust and in fresh water bodies, they both conform to the law of
equilibrium of the thermal states of various strata corresponding to the
minimum energy transfer between them as well as the atmosphere and outer space.
Here the author refers to the radiation law of Stefan. For land areas the
thermal equilibrium law for the soll and lithosphere i1s expressed, 1n the
opinion of Voelkov, by the principle that the colder the surface of the earth's
crust the less heat it radiates or transfers by convection to the atmosphere.
The constancy of the temperature in the formations underneath the Paris
Observatory throughout a period of 120 years demonstrates the uniformity in
solar radistion and physical properties of the atmosphere throughout this
period of time.

If subsequently the sun transmits more or less heat than at the present
time, the temperature of the earth's crust will begin to increase or decrease
until a new equillibriwn 1s established at a higher or lower mean annual tem-
perature of the soll and lithosphere,

* This paper was published in a book comprising a collectlon of papers on
physics and it 1s possible that for this reason it is not well known to
Permafrost sclentists. In both editions of the monograph by M.I. Sumgin
'Permafrost within the boundaries of the USSR" (1927 and 19%7), in "General
permafrost studies" (1940) and in the monograph by N.V. Tolstikhin "Ground
waters in permafrost zones" (1941), no mention is made of this paper by
A.I. Voeikov.
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In fresh water lakes of medium and high latitudes the equilibrium law is
expressed by the principle that temperature changes of the entire water body
proceeds more rapidly in the direction approaching 4°C. As a result of this
the heat loss from fresh water lakes, particularly after an ice cover has
formed, which is possible only after a temperature inversion (i.e. a reduction
in temperature going from the bottom upwards), 1is very small throughout the
fall and winter.

The upper stratum of the earth's c¢crust, which receives heat from the sun
and ailr and transmits 1t to the air by radiatlon into space or to clouds, was
called "the outer active layer" by Voelkov. "The temperature of the outer
surface of the earth has a great effect on the temperature of the lower
stratum of air; the latter depends mainly on the temperature of the ground or
water surface ... Because of this the determination of the temperature of the
temperature of the outer active surface is of great importance" (Voeikov,
1952, page 187).

In his time A.I. Voeikov noted that the calculation of the temperature of
varlous strata of the earth's surface with the use of Fouriler's heat transfer
equations can give precise results only for those places where the soll and
underlying strata are uniform, monolithilc and without macropores, for example
a rock mass. Water plays an limportant role in heat transfer. It is an
important component part of soll and is unevenly distributed throughout the
earth's crust and at the same time has a high heat capacity. Evaporation of
water and 1ce in the soil, condensatlon of water vapour in the soil, melting
and freezing, and finally the movement of water in the soil where the water
transfers heat directly, all have an important influence on the dlstribution
of temperature in the earth's crust.

The initlal point for calculating the temperature of the earth's crust
should be taken not at the surface where varlation in temperature 1is rapid and
uneven but at some depth, for example 1 m, where there are no rapid changes in
temperature.

It is also important to note that A.I. Voeikov, the founder of genetic
climatology, did not once mentlon that the temperature regime of the earth's
crust 1s a "product of climate”.

From the pronouncements of A.I. Voeikov in 1886, 1889, 1904 and those of
L.A. Yachevskil in 1889 and 1905 it follows that 1t is Just as normal for the
temperature at a depth of 25 m in Yakutsk to be -3 to -6°C as 1t 1s for the
temperature under Moscow to be 5 to 6°C or that under Tbilisi to be 14.5°C at
the same depth.

In 1910 B.B. Polynov established from hils research data that in some
reglons of the Amur oblast under the same climatic conditions only peat-
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covered areas contalned permafrost, whereas 1n other more northern reglons
peat, clay, clay loam and sand loam were perennlally frozen. Thus the reason
for the deep penetration of frost in the southern parts of the oblast was the
presence of bogs with the growth in depth of the moss cover, whereas on neigh-
bouring areas to the north the same conditions prevalled as well as an addi-
tional purely geologlcal condition, that of a clay deposit on the surface of
the earth. Subsequently in 1913 N.I. Prokhorov wrote of the rather extensive
freezing of the earth's crust 1in swamp areas and the absence of permafrost in
nelghbouring comparatively dry areas. Up to the present time after the perma-
frost investigations in Bureya and in the middle cross-sectlion of the Selemdzha
River valley the opinion of B.B. Polynov that the "petrographic conditions”
are of prime lmportance in the formation of "summer frost" on the southern
boundary of the permafrost zones turned out to be indisputable.

The engineering, geological and hydrogeological survey along the track of
the Amur rallroad and lnvestigations of the Tunka depression in the basin of
the Irkut River (1907 - 1916) was distinguished by the production of the
hypothesis concerning the formation of strata of permafrost durlng sedimenta-
tion in depressions owlng to freezing from below rather than from above, i.e.
frozen strata were subsequently covered by sediment which in turn froze. The
authors of the new hypothesls of a stratum of permafrost growing of 1ts own
accord were A. Arsen'ev (1908) an englneer, V. Nekipelov (1908), A.V. L'vov
and G. Kropachev (1909) and A.V. L'vov (1916), geologists.

Sometime later S.G. Parkhomenko (1937) isolated freezing from below as
one of the characteristic factors in the subarctic type of growth of permafrost
strata.

The subsoll along the track of the Amur rallway accordilng to the data of
V. Nekilpelov was perennially frozen only in river valleys and on the plains.
From this he concluded that the frozen stratum in such places developed
gradually upwards by a process of systematic accuwnulation of sediment. How-
ever, on regilons subject to erosion as for example steep slopes "permafrost
could not form" (L'vov, 1916). The Tunka depression in the opinion of
AV, L'vov and G. Kropachev 1s slowly but continuously settling and the layers
that freeze through the winter do not have time to thaw during the summer and
each year a thin unthawed layer remains which accunulates and forms the entire
stratum of permafrost. At the foot of mountalns, in shaded areas and i1n
narrov valleys there 1s no permafrost (L'vov, Kropachev, 1909). If A.V. L'vov
had been able to tile in the hypothesis of A. Arsen'ev and V. Nekipelov and his
"Tunka hypothesis" with the freezing of the active layer from below (the
freezing starting from below before it starts freezlng from above durilng the
winter) as established 1in 1910 by D.V. Domrachev, then the theory of the
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formation of syngenetic strata of permafrost in low-lying regions and
depressions of north and east Russia and also Alaska would have been formu-
lated 40 years ago.

In addition to the above-mentioned reason this hypothesis was under-
estimated for a long time because it pretended to be universal and because of
the sharp criticism directed by M.I. Sumgin. The authors of the hypothesis
suggested applying it to explaining the origin of permafrost not only in the
Baikal region and in the Amur oblast, but also for all other parts of the
world.

All the new concepts introduced into the study of permafrost by A.I.
Voelkov, L.A. Yachevskii, B.B. Polynov, A.V. L'vov and others contradicted the
conclusions derived by A.F. Middendorf and G. Vil'd on the origin of perma-
frost. These new concepts made 1t possible to formulate the hypothesis con-
cerning the unavoidable generation and prolonged existence of permafrost on
extensive areas and individual localities on the earth's surface because of
changes in the physical-geographical and geologlcal conditions of heat exchange
between the soll and lithosphere on the one hand, and atmosphere and outer
space on the other. However many of the achlevements of these authors were
not subsequently analyzed thoroughly and evaluated and some of them did not
withstand strict criticism and were long forgotten by permafrost scientists.

In the first edition (1927) of the monograph by M.I. Sumgin the question
of the origin of permafrost was reduced to the time of the origin of perma-
frost. In agreeing with E.V. Toll' and K.A. Vollosovich that the thickest and
most extensive deposits of ground ice in Northern Siberla are the remains of
the 1ice age, M.I. Sumgin considered permafrost as a survival from a distant
cold epoch which brought about the 1ce age*.

The attempts by V.B. Shostakovich, A.V. L'vov and others to explain the
presence of permafrost by present-day climatic conditions and geological
processes were met with sharp criticism. Even the fact that the upper layer
that thaws seasonally could freeze from below as established by D.V. Domrachev
who polinted out the possibility of permafrost forming of 1ts own accord in the
present epoch, was largely disregarded by Sumgin although he discovered this
effect himself as a result of his observations in Bomnak (Sumgin, 1927,
page 173-175). The freezing of soill from below seemed to him only theoreti-
cally possible., M.I. Sumgin figured that permafrost was at the present time
In a stage of degradation.

* A similar point of view for the origin of permafrost
wa
A. Denk and hotly defended by E. Toll:!. P s advance in 1881 by
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In the second edition of his monograph published in 1937 Sumpgln admits
that at the present time 1t 1s possible to have the formatlon of permafrost
in those regions of northern Eurasia where 1t did not exlst before. Hils
attentlon was drawn to thilis by the new data of deep frost penetratlion of a
recently formed island in the delta of the Pechora River and on the notation
by Grigor'ev on the inadmissibility of mixlng the question of the origin of
permafrost with the question of the conditions under which it can be formed
and exist to-day. It might be mentioned here that the polemic of Sumgin with
Shostakovich who considered permafrost to be the product of present-day
climatic conditions arose because they mixed these two questions.

In analyzing the hypothesis of Arsenev, Nekipelov, L'vov and Kropachev,
Sumgin no longer criticizes them as severely as he did 1in 1927. He writes
"First of all 1t should be remembered that the fundamental reason for the
formation of frozen strata in the ground 1s a deficiency in the heat balance
that keeps the temperature below freezing in the given strata of ground; this
applies equally to seasonal frost as well as to permafrost, the difference is
only in time. And for a glven defilciency in the heat balance there will be &
given deficiency in the heat balance there will be a glven thickness in the
stratum of frozen soil. In the heat balance of a glven stratum of soll the
internal heat of the earth participates as a positive component" (Sumgin,
1937, page 243).

The temperature regime of permafrost, the mechanism of the change in
ftemperature along the vertical cross-section of the earth's crust and particu-
larly degradation of permafrost, lM.I. Sumgin as before considered to be in
direct relationship with variatlons 1in c¢limatic conditions, to the moderation
of the climate durlng the latter epoch of the anthropogenic period. He con-
sldered that 1n reglons where there 1s degradation of permafrost present-day
climatic conditions "are in disharmony wilth the distribution of temperatures
in the soil with depth"” (Sumgin, 1937, page 251). The zone of frozen subsoll
was consldered as before the product of a cold climate in the distant lice age
and the chief indication of changes In its regime 1s the degradation of perma-
frost under the effect of a warmer climate.

The thorough investigations of V.A. Xudryavtsev of the highly discontinu-
ous permafrost zone In the middle rcaches of the Selemdzha River in which
geological, geomorphological, hydrogeologlcal, hydrological and geobotanical
condltions were talten 1nto account in considering the existence and mechanism
of the propagation of strata and masses of frozen subsoils, led to the conclu-
slon of undoubted signs of "intensification of permafrost" along with its
degradation in the same gencral locality. Thils locality is in the southern
boundary of the permafrost zone where the climatie conditions are wniform;
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even temperature inversions in the strata of alr adjacent to the earth in
shallow depressions wilth gentle slopes cannot be attributed to any particular
significance in the formation of the difference 1n temperature regime of the
subsoll of negative and positive forms of relief (Kudryavtsev, 1939).

Having repeated much of what was sald earlier by Voeikov (1886, 1889,
1904), Yachevskii (1839), Obruchev (1891), Koz'min (1892), Polynov (1910) and
others concerning the role of local physico-geographical and geological condi-
tlons in the formation of the temperature regime of the earth's crust and, in
particular, in the development of permafrost, Kudryavtsev concluded that there
was "dynamics in permafrost" in connection with changes in geobotanic, hydro-
logical, geological and hydrogeological conditions. The consistent and
simultaneous manifestation of..."two completely contradictory processes
(formation and degradation of permafrost. - P. Shumskil) do not in any way
contradlct each other but are completely consistent and are explained by hydro-
geological and hydromorphological conditlions of the reglon resulting in sharp
deviations from general degradation of permafrost" (Kudryavtsev, 1939,
page 116).

Although the concepts of "contemporary process" and "contemporary
dynamics" are inconsistent with the concept of "permafrost" as an inheritance
from the i1ce age, many permafrost sclentists did not seem to notice 1t at that
time. In general such a phenomenon has been observed many times in the
history of science. C. Lyle for many years did not notice the inconsistency
of his theory with the assumption of constancy of organilc speciles. According
to hils original hypothesls the earth di1d not develop gradually in a specific
direction, 1t did not cool but simply changed Iin a random manner.

A year after Kudryavtsev published his paper, V.G. Tumel', in considering
the relationship between permafrost and the cold climate of the ice age and
present-day climatic conditions, formulated a very important hypothesis. It
can be reduced to the statement that "the problem of permafrost cannot be
solved only from considerations of palaeoclimatic investigations" (Sumgin and
others, 1940, page 224). In considering the mechanisms of the change in
temperature regime of the soll "one should study first of all the soil itself.
One can for example maintain that deposits from post-glacial lakes or sea
transgression, 1f they are frozen, froze after the ice age and even after
water had departed from the gilven area..." (ibid.).

In subsequent sectlons of thils chapter we will attempt to adhere to this
hypothesis of V,F, Tumel' but we will begin with the consideration of the
temperature regime of the soll, 1.e. the outermost layer of the earth's crust
which covers everything else, "for 1t 1s also part of the lower strata and by
belng adJacent to them recelves from them and gives up to them reciprocally..."
(Lomonosov, 1949, page 18).
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The Orilgin of Permafrost in the Process of Heat Exchange
Between the Soll, Atmosphere and Lilthosphere*

In the opinion of Prof. L.A. Yachevskill the existence of "permafrost" is
decisive proof of the predominance of radiation over insolation, the predomi-
nance of the loss of heat over the heat received. "Permafrost will continue
to exist in the latitudes where it 1s now found at the present time as long s
the conditions of rotation of the earth, its position with respcct to the sun
and as long as the sun continues to live the life 1t is living at the present
time are retained", 1s the way Yachevskil (1905, page 226) defined the general
obJective mechanisms of the existence of permafrost.

Although in itself this ldea of Yachevskll 1s not precise since there 1s
no well-defined connection between the existence of frozen subsoll and the
predominance of radiation, nevertheless the extensive astro-geophysical
approach of this 1nvestigator to the elucidation of obJjective laws governing
the origin and existence of permafrost deserves close attention. In fact it
would be impossible to understand correctly the heat exchange in the system
lithosphere~-soil-atmosphere without looking upon the earth as a cosmic body.
Looking upon the earth in this manner we sce that the surface 1is irradiated by
the sun and other stars. Because of the spherical shape of our planet, 1ts
continuous rotation and 1ts motion about the sun as well as the inclination of
its axls of rotation to the plane of the ecliptic (at the present time it is
at the angle of 66°33'), the angle of incidence of solar rays on the earth's
surface varies continuously in space and time. On land thils angle depends
also on the angle and orientation of the slope of the surface.

A given portion of the surface of the land or ocean 18 1rradlated by the
sun for only a specifilc period of time, dilvided by periods of various duration
during which there 1s no advent of solar radiatlon. Radlation from the earth's
erust Into the atmosphere and to outer space takes place at all times but the
density of the radiation flux from the earth, as well as the intensity of
insolatiun of the soll, varies periodically. Outer space in relationship to
the earth's crust 1s a heat recelver of infinite capacity.

The density of the radiatlon flux and the total amount of radiation energy
from the sun to a unit of surface area in various parts of the land and ocean
1ls a functilon of the geopgraphlc latitude, composition and physical properties
of the atmosphere. Thils 1s what produces differences 1in climate by

* Heat exchange in the system lithosphere-soll-atmosphere 1s the name we give
to the sum total of all physilcal processes of the conversion of one form of
energy to another and energy exchange between the lithosphere, soil,
atmosphere and outer space.
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latitude*, soll, vegetatlon and also the conditions of heat exchange in the
system lithosphere-soll-atmosphere,.

The periodic nature of 1nsolation and the natural radiation of the soll
results in perilodic - dally and yearly - varlatlons or, as 1t 1s said,
oscillations in the temperature of the soil**¥, These temperature variations
of the surface strata of soll are transmitted to deeper soll strata and to the
subsoll. For a quantitative mathematical description of this process Russian
geophysicists even in the last guarter of the 19th century used the method of
harmonic analysis of "the temperature wave" in the soill and subsoil.

The temperature of the surface of the soll during i1ts periodic variation
is a harmonic function of time, 1.e.

t =4, sin (ot + o), (4. 1)mex

where Ao %s the oscillation amplitude of temperature on the surface;
w = 7§-1s the angular frequency of oscillation;
Tt is time for which the temperature 1is determlned;
¢ 1s the initial phase of the oscillation.
Assuming that the coefficlent of thermal conductivity of the soil and
subsoll a 1is constant with depth, the amplitude of temperature oscillation A
at a given depth z 1is

A =Ae , (4.2)

where T 1s the period of the temperature wave.
This relationship 1s obtained from the previous formula (4.1) by solving
the thermoconductivity equation

ot _ . 3%t
—67‘:--’ az2'

From equation (t.2) it follows that:

* Climate 1s defined as the weather regime taken over many years and char-
acterlstlic of a gilven localilty by virtue of 1ts geographic location. By
regime 1s meant the total and successive variation of weather conditions
(S.P. Khromov and L.I. Mamontov. Meteorologicheskii slovar'.
Gidrometeoizdat. Leningrad, 1955).

** Daily variaitions in the temperature of the soll are scarcely noticeable
in the polar regilons in winter and in summer when for a period of several
months there 1s continuous night or continuous day.

*%% In numbering the formulae the first cipher denotes the number of the
chapter and the second the number of the formula.
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(1) the time lag for the maximum or minimum temperature at the depth z
by comparison with the time of theilr occurrence on the surface of
the soil, < =’%wﬁ§§’ i.e. the lag increases with depth;

(2) the oscillation period of soil temperature T = %% does not change
with depth;

(3) the amplitude of temperature oscillation decreases with depth accord-
ing To the exponential law: if the depth Increases in arithmetic
progression, the decrease in amplitude 1s 1n geometric progression;

(4) depth at which vibrations of various periodicity decrease by the same

factor are related as square roots of the periods, i.e.

2> ./.ﬁ‘—z

z, T

If T, is equal to a year and T, is equal to a day then

. S
E% = f%%gi = %2 or z, = 192 z,.

Fleld observations show that the daily variation in temperature of the
goll 1s almost attenuated at a depth that rarely exceeds 1.5 m whereas the
annual depth 1is 350 m.

The dailly and annual temperature variations of the layer of atmosphere
ad Jacent to the earth reflect temperature varliations of the earth's surface
for the corresponding period of time. The variations in air temperature
throughout the year are fixed throughout the troposphere.

The first thorough observations of Sumgin on variations in temperature of
the soll and subsolil in the southern boundary of the permafrost in Bomnak
(1916 - 1919) showed that annual variations are almost completely attenuated
at a depth of 6 - 8 m. The rather small thickness of this stratum of annual
temperature variation was explained by the effect of a "zero curtain" - of the
isothermal processes of thawing during the swmmer of the soils and subsoills
containing ice and freezing of the supersaturated stratum (that thaws
seasonally) during the fall and ecarly winter. From this he showed how far
reroved from reality were the predictions of the temperature regime of the
earth's crust made by G. Vil'd on the basis of calculating the dependence of
the temperature regime on air temperature and by analogy with the geothermal
data obtained from the shores of the Baltic Sea.

The method of analyzing the temperature wave although it has great
theoretical and practical importance, does not nevertheless of itself eluci-
date the mechanism of changes in the temperature regime of the soil and
lithosphere for a period of time grecater than a day or year, respectively.
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In order to elucidate such mechanisms one should recall an assumption made in
deriving the relationship (4.1) and one practical result following from
equation (4.2). The point is that the variations in temperature of the soil
and the subsoil are rarely completely harmonic or purely sinusoidal as noted
by Voeikov {1894) and as stated by A.F. Chudnovskii (1948). During prolonged
sectlons of an annual period the positive and negative deviations of tempera-
ture from those fixed in the preceding day of its equillibrium value, i.e. "the
physical amplitudes" of the temperature oscillations are not equal, or in
other words they are not equal to half the meteorological amplitude (%). As
the result of thils there 1s a displacement, with some deviation but generally
in one direction, of the "axis of dally oscillations in temperature" or a
variation in the mean daily terperature of the soill throughout the annual half
periods.

It 4s customary to say that the dally and annual varilations in tempera-
ture of the earth's crust "are practically attenuated” at appropriaté depths,
for example 1.5 and 28.5 m. In fact the daily variations in temperature
theoretically and practically arec not attenuated at the depth of 1.5 m. One
of the curves of extreme values of the temperature of the soil, depending on
the time of the year and variation in weather conditions, on approaching
asymptotically the oscillation axis for the precvious day at the depth of 1.2 m
usually does not coincide with it not only at the depth of 1.5 m but even at a
rmuch greater depth on the surface. However, the curve of opposite values does
intersect its axdis. Thus during the course of the year the axis of dailly
variations in temperature of the soil shifts, stopplng only for periods of
time, which results 1in a variation in temperature at a depth of 1.5 m through-
out the year by 5 - 10°C and in places even more., Enpgineers know how important
this phenomenon is.

The same can be saild concerning the annual variation in temperature of
the earth's crust deeper than 25 - 30 m for the temperature regime of the
lithosphere over a long period of time. The absence of necessary devices for
determining the year-to-year changes in temperature of the subsoil at depths
of 25 -~ 20 m and in sone localities at 10 - 15 m makes it difficult but does
not exclude talting into account the continuous shift in the axis of the annual
variation 1in tempcrature,., This process is connected with variations in the
external conditions of heat exchange between the lithosphere and the soil
wvnich fundamentally changes the geothermal conditions for a historic-geological
portion of time. In analyzing the data of geothermal observations in drill
holec L.A. Yachevskii in 1605 came to the correct conclusion that such a
stratum of the earth's crust in which varilations in surface temperature are

noet reflected has not yet been found.
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In addition to the cosmic and general planetary geophysical processes in
the atmosphere and hydrosphere and also physico-geographical conditions one
must also consider the continuous supply of heat coming from the earth's
interior and its effect on the heat exchange between the soll, atmosphere and
the lithosphere.*

The contilnuity in heat exchange between the soil and atmosphere and the
lithosphere indicates a continuous difference in temperature between the sur-
face of the earth and the adjacent stratum of alr on the one hand** and on the
other hand at considerable distances along the vertical in the earth's crust.
In the lithosphere below the upper stratum with its variable annual temperature
there i1s a relatively constant geothermal gradilent brought'about by the flow
of heat from the centre of the earth along the vertical axis to the surface.
The temperature gradient (vector) directed downwards towards the centre of the
earth and 1indicating an upward thermal flux we will call, by.convention,
negative, and the temperature gradient in the opposite direction indicating a
downward flux we wlll call a posltive temperature gradient.

At a depth of 6000 m as Indicated by geothermal observatlons in a hole
drilled 40 km from the town of Farson in the State of Wyoming (in the Rocky
Mountains at a latitude of 42°06'N and a longitude of 109°25'W with an
absolute altitude of about 2000 m), the temperature of the rock is 149°C,

However the temperature gradilent is negative not only within the range
of the lithosphere; it 1s also negative 1n the lower stratum of the atmosphere
from 7 - 12 km in height in moderate latitudes. 1In the troposphere, as is
known, the mean annual temperature 6f the alr decreases with altitude.

Knowing the temperature of the air in the tropopause (Kondrat'ev, 1952),
the surface of the earth (mean annual temperature) and that of rock at a depth
of 6000 m, we can construct a curve determining the direction and magnitude of
the vertlcal temperature gradient (see Filg. 2, where the temperature axis
corresponds with the surface of the soil). As this curve shows, the tempera-
ture gradient in all strata of the earth's crust and in the troposphere is
negative and the absolute value 1n the earth's crust is greater than in the
troposphere.

* Here and below only the land surface 1s considered which 1s connected with
the ocean 1in heat exchange by advective transfer of heat and molsture.

#** In the opinion of A.I. Voeikov (1904) the mean annual temperature of the
s50il is higher than the mean annual. temperature of the air over the contl-
nents in the medium and high latitudes by 4°, in tropical mountain reglons
by 2° and along the coasts 1n medium and high latitudes by less than 1°.
In general this order is confirmed.
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Similar curves are obtalned also for other reglons of the land mass.

Thus the upper strata of the earth's crust act as the heat donors in the pro-
cess of heat exchange with the troposphere,

In additlon to the vertlcal or geothermal temperature gradlents there are
in the earth's crust horizontal temperature gradients and not only along
meridians. The existence of horilzontal temperature gradients along the merid-
lan are caused by the variation in the amount of solar radlation reaching the
801l with latltude and also non-zonal differences 1ln the physico-geographical
condltions of heat exchange between the soll and the atmosphere. Particularly
large horizontal temperature gradients occur 1n the subsoll between one type
of rellef and another which has a different orientation and a greater or lesser
slope or molsture content. The same thing occurs when one goes from land to
the sea or lakes and also towards large rilvers.

The presence of large horizontal and incllined temperature gradients in
the subsoil where there 1s a runoff of surface and ground water and the
ad Jacent slopes of the ravines of the Selemdzha river basin was established by
V.A. Kudryavtsev (1939). Here the horizontal and inclined flows of heat are
directed from the slopes towards the runoff zone. Later D.V. Redozubov estab-
lished the existence of even greater horizontal and inclined temperature
gradients in the subsoll in the region of Vorkuta where the thermal flux 1s
directed in a different manner, from the runoff zone to the elevated regions
(Redozubov, 1946). 1In these small regions of the land mass the temperature
curves in the subsoll measured 1n vertical excavatlons are very different;
some of them are "in harmony with present-day climate", others have no gradient
whereas still others represent degradation of "permafrost".

Particularly large horizontal and inclined temperature gradients and
corresponding heat flux in the subsoll are observed near deep lakes and rivers
of the north. This 1s shown by the dlagram of the distribution of temperatures
in the subsoil near Lake Glubokoe 1in the Ust'-Yana railon (Fig. 3) which was
constructed by the authors of the report describing the Yano-Indigirka expedi-
tion of the V.A. Obruchev Permafrost Institute (N.F, Grigor'ev and others,
1956). The effect of this lake on the thermal state of the shores is felt at
a distance of more than 100 m from the lake. Such 1s the effect of deep lakes
or rivers on the temperature regime of the shores. Thils explains the consid-
erable decrease 1n the thickness of the permafrost stratum as one approaches
the bed of the Mackenzie River at Norman Wells: from 8) m at 106 m from the
shore to 41 m at 60 m and 18 m at 30 m from it (Jenness, 1949).

In the small alluvial deposits between lakes in the northern plains, the
horizontal and 1nclilned heat flux from lakes and the unfrozen deposits under
the lakes play an important role in formlng the thermal field and heat exchange
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between the earth's crust and atmosphere. In these regilons the lakes in the
vinter time act as heat donors to the atmosphere and all year round they give
up heat to the surrounding permafrost.

The horizontal temperature gradient in the soll results mainly from
various geological and physico-geographical, including geomorphological, and
climatic conditions of heat exchange in the systems subsoll-soll-atmosphere
and the earth's crust-liquid cover-atmosphere. The presence of horizontal
temperature gradlents in the soll and in the lithosphere shows that in the
sollid shell of the earth, as well as in the liquid and gaseous envelopes, there
are horizontal thermal fluxes. Of course in the solid shell this process is
immeasurably slower than 1in the liquid or gaseous envelopes, since the coef-
ficlent of convective heat transfer {mixing coefficient of water and air)
reaches very high values even with relatively small differences in temperatures
of these envelopes 1n various parts of the planet. Equilibration of tempera-
ture in the gaseous and liquid envelopes 1s reached rather quilckly by means of
alr and sea currents, The role of sea currents is particularly important in
equilibrating the temperatures between low and high latitudes.

If there were no atmospherlc and oceanlc advection the temperature
gradients horizontal to the latitudes In the soil and lithosphere would be
much greater than they are. They would, like the values of temperature in the
soll and subsoll, correspond to "solar climate". Local horizontal temperature
gradients are particularly large near the boundary between a river and a perma-
frost zone and between frozen and water-bearing strata. Large horizontal and
vertical temperature gradients are found in the frozen and unfrozen substrata
near geochemically active ore bodies, which by exothermic reactilons evolve
large quantities of heat. Present-day considerations concerning the basic
mechanisns of the development and propagation of permafrost over large areas
of the earth's surface follow from the work of M.V, Lomonosov and A.I, Voeikov
and are ecxpressed as follows.

1. Permafrost originates, develops and disappears as a result of heat
exchange between the earth and the sun, the earth and interplanetary space,
the earth's crust and the atmosphere, the layer of air adjacent to the earth's
surface, the soll and deeper strata of the earth's crust. The hecat exchange
between the lithosphere and the atnosphere, the lithosphere, hydrosphere and
atmosphere are processes that are properties of the physico-geographical
envelope of the earth whose qualitative and quantitative aspects are determined
by the law of conscrvation and conversion of energy.

The basic source of heat that the 801l recelves and then gives up to the
atmosphere and outer space 1is radlation energy from the sun. The heat flow
from the inner rcaches of the earth is a thousand times less than the flow of
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radiation energy from the sun.

2. Permafrost is a regilonal phenomenon connected wilth the existence of
rarticular latitudinal geographical zones and longltudinal belts such as for
example climate,; so0il and vegetatlon of the tundra. Non-zonal permafrost in
the subsoil exists only 1n a few localities and is caused by particular geo-
graphical conditions 1n the heat exchange of the system earth's crust-soil-
atmosphere as well as geochemlcal effects.

Seasonal and perennial freezing of the earth's crust are determined not
only by the reserves and flux of external heat sources and external heat
losses observed above the "underlying surface”" or on the "underlying surface"
itself but also by reserves and flux of the interior heat of the earth*.

The question arises: What are the particular features of heat exchange
in the system lithosphere-soil-atmosphere which produce extensive freezing of
the earth's crust where the subsoll remains frozen for long perilods of time in
specific latitudes and longltudinal helts, and why these phenomena are absent
(as zonal phenomena) for example in the medium latitudes of the European part
of the USSR?

For the time belng this question can only be answered in general terms:
The particular features of heat exchange in the system lithosphere-soil-
atmosphere, which result 1n deep freezing of the earth's crust and perennial
existence of frozen subsoil, are that the heat cycle in the soll and subsoil
begina to have a below~freezing mean annual temperature or below-freezing
geothermal level which then continues for a prolonged period of tilme,

As far back as 1904 A.I. Voelkov wrote that permafrost should occur where
the mean annual temperature of the soll is below 0° and at a depth where the
amplitude of temperature variation 1s greater than the absolute value of the
mean annual below-freezing temperature by the factor of two (Vbeikov; 1952).

The geothermal level in heat exchange or of annual thermal cycles in the
earth's crust 1s a characteristic of the mobile equilibrelum in the thermo-
dynamics of the interaction between the soll, the atmosphere and the subsoil,
expressed by the temperature of the subsoil at the interface with the stratum
having an annual variation in temperature. The geothermal level does not
coincide as a rule wilth the mean annual temperature of the soil; the latter i1s
usually lower than the temperature of the subsoll at a depth of 25 - 30 m, As
shown by the data of geothermal measurements in Igarka, Yakutsk and in Zagorsk
in the viecinility of Moscow the mean annual temperature of the soll and subsoil

* The concept of "interior heat of the earth" is more extensive than the con-
cept of "subterranean heat of the earth”: here we are dealing with reserves
of heat and heat flux in the strata underlying the frozen layer.
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under ordinary conditions increases with depth starting from the very surface
of the soil.

In any case a mean annual temperature of the soll at a depth of 0.1 -

1.5 m definitely determines whether or not there will be permafrost. Thus the
locatlion of the geothermal level of heat exchange between the solil and atmos-
phere at various depths are expressed approximately by the curve formed by the
axls of temperature variations of the soil and the underlying subsoil during
the period of a year. As mentioned above, the axis of temperature variations
on the graph of annual changes in temperature of the earth's crust usually
deviates from the vertical to the left although'it 1s close to the vertical:
the slope indicates the existence of a geothermal gradient and 1s proportional
to 1it.

The basic different geothermal levels of heat exchange between the soill
and atmosphere and resultant freezing of the soil is shown in Fig. 4.

The slgns and numerilcal values of the zonal geothermic levels of heat
exchange are determined baslcally by the quantity of heat entering the soil
from above, from the sun and from the atmosphere, but depend to some extent
also on the quantlty of heat flux coming from the interior of the earth or
from the geochemical effects in the s0il and lithosphere.

As regards the non-zonal geothermal levels of heat exchange between the
earth's crust and the atmosphere, thelr signs and numerical values depend on
the particular features of local physical-geopgraphical and geological condi-
tlons, including the percolation and circulation of ground water, geochemical
processes in the lithosphere, for example oxidation of sulphldes, and other
exothermic and endothermic reactions. Particularly evident non-zonal features
can be observed for example in the geothermal levels of the El'gi depression
in the Kolyma river basin and the Markovo depression in the Anadyr! river
basin.

Since the thermodynamic equilibrium in the system atmosphere-soil-
lithosphere is mobile and short-lived, the geothermal levels of heat exchange
betveen the soil and lithosphere vary in magnitude and direction. They cannot
be constant 1f each year the amount of heat entering the soil and leaving it
varies.

The direction and intensity in the change of the geothermal level of heat
exchange over a number of years depends on the sign and absolute value of the
total input and output components of the thermal balance of the soil or, more
preclsely, the bottom of the stratum in which the annual temperature varies.
Twenty years ago M,I, Sumgin wrote of this in discussing the reasons for the
formatlon of strata of frozen soill, in the second edition of his monograph

(Sungin, 1937, page 243].
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One should take into account the reciprocal influence of geothermal
levels resulting from particular geological, hydrogeologlcal, hydrologlcal and
geochemical conditlons, on the heat exchange between the soll and the atmos-
phere at a given latitudinal reglon and longitudinal belt. This can help to
explain the particular features of the temperature regime of the ailr adjacent
to the earth of some limited sectlons of land which 1s not connected with the
general circulation of the atmosphere or the meso-relief,

The continuous changes in the temperature of the so0il and subsolls have
an effect on the dally, annual and more prolonged changes in the quantity of
heat entering the soll and leaving 1t, the continuous shift in the latitudinal
and longltudinal climatie zones, the development of landscapes, as well as the
progress of complex bilological, biochemical, geochemical and tectonic phenomena
in the earth's crust.

The existence of permafrost at a given portion of land i1s the result of
relatively stable below-freezing geothermal level of heat exchange 1in the
system atmosphere-soll-upper stratum of the earth's crust over a period of

many annual cycles.

The Process and Conditions of Heat Exchange Between the Soill
and the Atmosphere and the Lithosphere and the Soll

Speaking of the geothermal levels of heat exchange between the soll and
the atmosphere and between the soll and underlying strata of the earth's crust
and of the origin of seasonal and perennially frozen zones, one should not
confuse geophysical processes of heat exchange, heat cycle in the soill and
lithosphere with geographical and geological factors or conditions. Physico-
geographical and geologlical conditions define only the course and results of
geophysical processes of heat exchange between the soll and atmosphere over
some specific period of time. This was well understood by A.I. Voeilkov and
particularly convincingly demonstrated by S.P. Khromov (1951, 1952).

The fundamental natural geophyslcal processes and heat exchange in the
system lithosphere-soll-atmosphere which determine the temperature regime of
the s0il and subsoilils are the following:

(1) the incidence of direct and scattered short-wave radiation on the
surface of the soll, the reflection and absorption of solar rays by the soil
ané the long-wave radiation by the soil itself, which constitute a single
process of "radiation heat exchange" of the earth's crust with the atmosphere
and outer space;

(2) conveective (turbulent) heat exchange in the system soil-stratum of
alr adjacent to the soll, caused by the differcnce in temperature between the
upper thin layer of soil and the stratum of alr adjacent to the soil which are
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in turn caused by solar radiation, radiation coming from the earth's crust
and atmospheric advectlon and also by the circulation of alr masses 1n cracks
and other openings in the upper strata of the earth's crust;

(3) heat exchange between the soil and the atmosphere and lithosphere
and between the component parts of the earth's crust (strata, massifs),
connected with moisture exchange in these systems;

(4) heat exchange between the soill and lithosphere and between the
component parts of the earth's crust (strata, massifs) connected with changes
in the state of the water above the soll, 1n the soll and 1n the subsoill;

(5) rising and horizontal flow of heat in the earth's crust caused by
geothermal and horizontal temperature gradilents and connected with the flow of
water 1in the lithosphere.

These geophysical processes of heat exchange 1n the system atmosphere-
soll-lithosphere interact closely and develop reciprocally. Included 1s a
very important cosmlc process of irradiation of the earth's surface by solar
radiation. This phenomenon provides a thermal connection between the sun and
the earth because of which all the fundamental geophyslcal, bilologlcal,
geochemical processes in the atmosphere, hydrosphere, soll and in the eroded
crust of the lithosphere have taken place and contlnue to take place.

The intensity 1n development and the results of heat exchange 1n the
system lithosphere-soil-atmosphere depend, understandably, on the heat and
moisture exchange 1in the system ocean-atmosphere and also between lakes and
rivers and the layer of alr adjacent to the earth, The horizontal circulation
of the atmosphere caused by the great difference 1n the heat cycle in the
upper strata of the land and sea surfaces (by the factor of 3 - U4; see Krylov,
1952, pp.18 and 19) and for other reasons brings about a redistribution of
heat and moisture between continents and oceans and between seas and individ-
ual land portions. All of this i1s taken into account in listing the physico-
geographical conditions of heat exchange between the soll and the atmosphere.

Of the physico-geographical and geological conditions for the development
of permafrost which determine 1ts composition, structure, space distribution,
temperature and thickness one can list:

(1) the geographical latitude;

(2) the heights above sea level (and relative heights);

(3) the origin, composition, structure, properties and process of
circulation of air and water masses (the area occupled by land and the distri-
butlion of land portions wilth respect to the sea, the effect of sea breezes on
the temperature and the moisture content of the air);

(4) the relief (and the position of the given portion of land with
respect to basic elements such as macro- and meso-relief, slope and orilentation
of the slope of its surface, etc.);
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(5) vegetation cover;

(6) snow cover (depth and density of the snow cover, the time of the
year when snow cover appears and when it disappears);

(7) cloud cover;

(8) surface waters - rivers, lakes and swamps (the influcnce of lake and
river water masses on the temperature of the air and that of floods on the
tenperature of the subsoil of temporarily flooded regions and belts along
river valleys);

(9) the composiltion and structure, in particular the water penetrability
and air penetrability of soil and subsoils;

(10) the moisture content of the surface and lower strata of soil and
subsodils; ,
(11) ground waters (their hydraulic, temperature and chemical regimes),

The specific conditions of heat exchange between the earth's crust and
the atmosphere occurring in regions of the land surface covered by large ice
fields, valley glaciers and piant taryns (temporary ice filelds). Under the
ice cover temperature fields are formed in the earth's crust which are differ-~
ent from that of the lithosphere in neighbouring reglons adjacent to the lce
fields.

As we see the conditions for heat exchange between the earth's crust and
the atmosphere and outer space is multifold and complex. The changes in these
conditions of heat exchange betuwecen the earth's crust and the atmosphere with
latitude, longitude and vertically are as a rule different in the direction
and intensity of their influence on the temperature regime of the soill and
lithosphere brought about by the imechanisms of uncgual origin,

There are particularly sharp changes not connected with changes in geo-
graphical coordinates 1in the area of geological, orographical, hydrographical
and hydrogeological conditions of the formation of permafrost. Of course the
slgnificance of local geomorphological mechaniswms in changes in the depth and
density of snow cover, radlation density reaching the earth's surface from the
sun and other important conditions in the formation of the temperature field
of the lithosphere are known. 7The above listed physico-geographical and geo-
logical conditions of heat exchange are changing at an increasing rate under
the influence of industrial production. During industrial production people
consclously or unconsclously change the direction of development and the geo-
thermal level of heal exchange between the solil and atmosphere and as a result
change the local climate.

It is known that such inportant indices of climatic conditions as temper-
ature and molsture content of the stratum of alr adjacent to the ground are

determincd prirarily by the temperature and noisture content of the upper
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stratum of soil. In this connection one cannot consider correct the expres-
sion "permafrost is a product of climate". It is incorrect from the point of
view of pernafrost sclentists as well as from the point of view of meteorolo-
gists and climatoldgists (Voeikov, 1886, 1889,, 1904; Khromov, 1951, 1952).
Climate 18 the weather regime over a period of years characteristic of a given
place by virtue of 1its geographic position and brought about by solar radia-
tion, by the naturc of the underlying surface, varlations in i1ts physical
properties and resulting circulation of the atmosphere (Alisov et al. 1952;
Khromov and Mamontova, 1955).

Of coursc climate, 1In reflectlng the progress and results of heat exchange
and moisture exchange of the soil, rivers and stream, lakes, seas and oceans
with the atmosphere and outer space, has a direct influence on the development
and results of heat exchange between the above-mentioned systems. Cloud cover,
wind velocity, the absolute values and differences In the temperature of the
s01l and the atmospheric layer adjacent to 1t and other climatic conditions,
to a considerable extent, determine the sign and absolute value of the geo-
thermal level of heat exchange between the earth's crust and the atmosphere.
But nevertheless the climatlic condltions as well as the time of the year the
snow cover appears, lts depth and density and duration do not reflect the
mechanisms of such phenomenon, as for example the deep penetration of frost
into the earth's crust and the existence of permafrost at the bottom of the
Sredne-Burein or the Selemdzha depressions. The supersaturation of the clay
subsoil and soil, the bog formation over these low, almost flat, portions of
land because of the unfavourable conditions of runoff and filtration of the
surface water predetermined the unavoldable formation of permafrost; in neigh-
bouring regions under essentially the same climatic conditions but different
geomorphological and geological conditilons there is no permafroust.

By changing the surface and soll strata one can within a relatively
limlted scope change the temperature level of heat exchange between the earth's
crust and the atmosphere and 1in this way change the local climate. Here one
should take into account the opposite effect of snow cover on the temperature
of the air and soil during the winter which follows from the above-mentloned
arguments of M.V. Lomonosov and also that of A.I. Voeikov (1839,). P.A.
Shumskii and P.I. Koloskov, following A.I. Voeikov, noted that snow, in
decreasing the intcnsity of heat exchange in the system soil-atmosphere adja-
cent to the earth and having the property of reflecting the sun's rays (a
larze albedo), results in cooling of the stratum of air adjacent to the snow
(Koloskov, 1952; Shuwaskii, 1955).

The factors noted hy the above-mentioned Iinvestigators indicate that the
soil is simultaneously a cover over the earth's crust which is thermo-
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dynamlcally directly connected with the lithosphere and an intermediary in the
heat exchange between the subsocll and the atmosphere and outer space.

Just as the atmosphere adjacent to the earth is not iIndifferent to the
thermal state of the so0ll so the s01l reacts to changes in the temperature of
the alr adjacent to it.

An understanding of the fundamental geophysical processes and conditions
of heat exchange in the system lithosphere-soil-atmosphere can help in a
correct understanding of a gquantitative expression and estimation of the value
of cooling-freezing and heating-thawing of the soll and subsoil. In thils way
geophysicists arrived at an equation for the heat balance of the "underlying
surface"” of the soil with vegetation cover which 1s a particular and somewhat
conventional analytical expression of the law of conservation and transforma-
tion of energy.

Up to the present time actinometry has achleved great success. It has
helped to solve very important climatological problems and has given rise to
climatology of heat balance - a new branch of geographico-geophysics. The
main credit for establishing the climatology of heat balance should go to the
head of the A.,I. Voelkov Geophysical Observatory.

Knowledge of the thermobalance of the "underlying surface" makes 1t
possible for climatologists and physico-geographers in general to explain the
mechanism of the temperature regime and circulation of the atmosphere as well
as the development of the physico-pgeographical envelope (A.A., Grigor'ev, 1951,
1954 and 1956, ; Budyko, 1956). Permafrost scilentists are Interested mainly in
the heat balance of the so0il which reflects the progress and results of all
processes of heat and matter transfer in the atmosphere.

In defining the concept of "radlation balance" and "heat balance of the
underlylng surface”, as well as thelr analytical expressions, there 1s as yet
no preclse agreement among meteorologists, climatologlsts and speclalists in
the physics of heat exchange 1n the soil. Representatives of the Malin Geophys-
lcal Observatory, the authors of the most exhaustive surveys of these problems
{M.I. Budyko, T.G. Berlyand, L.I. Zubenok, K.Ya. Kondrat'ev, S.A. Sapozhnikova
and others), define the radiation balance of the underlying surface R as the
difference between the total absorptlon of solar radiation by the upper stratum
of 801l and vegetation and the net radlation of this "active layer":

R=(Q+q)(1~0a)-1I (5.3)

vhere Q 1s the total flux of direcct radlation; q 1s the total flux of scattered
radlation; a 1s the albedo; I 1s the net radiatlon (the difference between the
total flux of radlation from the "active layer" and the counter radiation from
the atmosphere).
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In other words, the value of R 1s the sum of the heat radiation flux at
the level of the earth's surface (Budyko, 1956, page 9). It is equated to
the sum of terms of the heat balance of the underlying surface

IE + P + A,

vhere LE 1s the total consumption of heat on the evaporation of water or the
difference in the total consumption of heat on the evaporation from
the surface of the soll and vegetation and the addition of heat from
the condensation of vapour on the surface (L is the latent heat of
evaporation or condensation and E 1s evaporation or the difference
between evaporation and condensation);
P is the total convective (turbulent) flux of heat between the soil
and the atmosphere;
A 1s the total flux of heat between the underlying surface and strata
of soil and subsoils.
Assuming that A = 0 for the mean annual period averaged over many years,
the equation for heat balance of the underlying surface

R=1IE+P + A (4.4)
can be reduced to the expression
R = LE + P. (4.5)

Thus in the opinion of M.I. Budyko the radiation balance 1s equal to the
heat balance

R=(Q +q)(1 ~-a) - I=1LE + P, ' (4.6)

On the basis of the physilcal meaning of equation (4.6) one can conclude
that the evaporation of moisture from the soil and from its surface and the
convective heat transfer to the atmosphere exhausts all physical phenomenon of
heat exchange between the earth's crust and the atmosphere.

This schematic representation of heat exchange between the so0ll and the
atmosphere and outer space may be admissible in climatology but does not
satisfy permafrost sclentists, First of all it does not gilve a detailled
description of thermodynamic processes in the earth's crust itself. The most
important of these, in addition to the evaporatlion of water from the soil and
from its surface, is the movement and freezing of water in the soil and sub-
s0ll, the melting of ice in the soll and subsoll, the movement and condensation
of water vapour in the cavities of the soil and subsoil, etec. This was
mentioned by A.I. Voeilkov (1904). These isothermic processes, irreversible
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over a long extent of time, play an important role in the development of the
temperature fiecld of the earth's crust and lead to fundamental changes in
conditions of heat exchange between the lithosphere, soil and atmosphere.

Although climatologilsts do consider that the heat exchange between the
"underlying surface" and the various strata of the soil and subsoll expressed
by the term A 1n the heat balance equation (4.4) is equal to zero for the mean
annual period averaged over several years, 1t 1s however known that in fact
the changes 1in this value of A express the cooling or heating, i.e. freezing
or thawing of the earth's crust.

In order to establish the dependence of the temperature regime of the
801l and subsoil on the heat balance of the underlying surface and take into
account the qualitatively and guantitatively very evident annual loss or
addition of heat by the so0il and generally the entire heat exchange in the
earth's crust connected with the transformations of various forms of energy,
one must investigate the heat cycle of the layer with variable annual tempera-
ture. The first to become interested in this was A.IL. Voeikov using the data
of F, Khomen and others. He established a relationship between the dalily and
annual temperature variation of the atmosphere with the daily and annual heat
cycle in the soll and in water bodies and indicated thelr role in the forma-
tion of climate (Voeikov, 1904).

The ideas of A.I. Voeikov concerning the heat cycle in the soil and in
water bodlies and the significance of the heat cycle in the formation of local
climate were developed by M.M. Krylov. The annual heat cycle of the soil and
the underlying subsoil or of the upper stratum of water bodies he called the
half-sum of heat entering the soll and subsoil from above and transmitted by
the soil upwards, 1n other words the annual heat cycle is the heat entering
the soll and leaving the soil over a year considered separately (Kryiov, 1952).
The flux of heat from the Iinterior of the earth and the effect of bilochemical
processes are not taken into account.

The notion of the heat cycle in the earth's crust and in water bodiles as
it is considered by M.M. Krylov can be expressed by the equation

2.d = [hcy(t1 - t,)dh + f

o

h w
1Sdh + f Iedw, (4.7)
(o] (o]

where )'q 1s the total heat cycle;
¢ 1s the specific heat capacity;
v 1Is the unit weight;
t, - t, 1s the difference between extreme temperatures for a year;
1 Is the heat of frcezing or nelting;
S 1is the content of water or ice in a unit of volume;
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I. 1s the heat of evaporation or condensation;

e is the evaporation from the surface of the soill or water surface
(condensation);

h is the thickness of the stratum of soll, subsoil or water under
consideration;

w 1s the area of the cross-section of a column (prism) of the earth's
crust or water.

The total annual heat cycle in a column of land with a cross-section of
1 m? 1s expressed as 350 - 400,000 keal; a column of lake water of the same
cross-section more than 10 m in height has a cycle of about 700 - 1,000 kcal.
Such heat cycles are observed in the earth's crust and in fresh water in the
moderate latitudes. ’

The heat cycles in the earth's crust and in water representing the con-
sumption of heat can be called negative whereas the influxes of heat from the
outside, i.e. from the sun and atmosphere, are positive. Being interconnected
they are only in rare cases, more likely imaginary cases, equal to each other,
Under natural conditions when a relative steady state has been achleved in the
heat exchange regime over a number of yecars between the lithosphere-soll-
atmosphere and between the water-atmosphere, the negative heat cycles of the
301l and fresh water in moderate and high latitudes 1s greater than the
positive. This is generally known and has been mentloned above in discussions
of the continuous transfer of heat from the earth to outer space.

The annual negative heat cycle of soll and subsoll or water bodies of
medium and high latitudes can theoretically be quite large. In fact they are
limited as a rule by positive heat cycles, 1.e. by the guantities of heat
energy accumulated by the soil and subsolls or surface strata of water through-
out the year; these quantities of heat energy are themselves determihed by the
influx of radiation energy, convection heat and the transfer of heat from the
deeper recesses of the earth's crust to the surface, the albedo of this sur-
face, the density, radiation penetrability, the heat capacity, heat conductiv-
ity and other physical properties of the soll, subsoill and water.

It 1s known that to increase the negative heat cycles of the soil In
order to reducc its temperature and decrease the evaporation of moisture from
the soil during the vegetation period, M.M. Krylov suggested increasing the
effective heat capacity of the "active layer" of arid regions by winter
irrigation.

Thus the mean thermal state of the s0il and subsoll or water 1n the upper
stratum of a lake or river, expressed By their mean annual temperature, 1is
determined basically by positive heat cycles.,
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Natural or artificial variations in the ratio of negative and positive
heat cycles result in changes in the heat state of the subsoll at the bottom
of the layer with variable annual temperatures and below this point. They are
expressed particularly by changes in enthalpy, a characteristic function of
state known to physicists and physical chemists.

Taking into account the complexity of the concept of this function of
state and the impossibility of determining its absolute value, N.S. Ivanov
Introduced a different index of a purely thermal state of the soil and sub-
501l - "heat level". The heat level was defined by N.S. Ivanov as the posi-
tive or negatlive accretion of internal energy of the prism or stratum of soill
or subsoll subtracted from the conventlonal value of their enthalpy that
corresponds to the temperature of 0°C. The half-sum of the extreme value of
the subsoil heat level in the stratum having an annual variable temperature is
called the mean heat level. Neglecting the heat effect of mechanical, chemi-
cal, bilological and electrical processes and consldering unchanged the gener-
alized force and coordinate {in particular the pressure and volume), N.S.
Ivanov admits the exlstence of a well-defined dependence between the Iincrease
or decrease of the heat level of the subsoll and its temperature (Ivanov,
1956).

On this basis he established a connection between the mean heat level Um
and the geothermal level of the heat exchange of a unit of volume of subsoil
taken from the lower part of the stratum with variable annual temperatures
(where there is no phase transition of H,0):

- Umax Umin tmax * tmin (4 8)
m 2 Y 2 )

where c¢_ 1s the "volumetric differential effective heat capacity of the

!
subsoil”, U + U

It is not difficult to see that max > min

elementary volume of subsoil in the concept of M.M. Krylov. Thus the greater

is the heat cycle of a given

the heat cycle in the layer with a variable annual temperature the higher the
geothermal level of heat exchange. In the Arctlc tundra and the trans-polar
taiga of the Asilan part of the USSR the hilghest geothermal level of heat
exchange 1s observed in the bottom deposits of fresh water lakes deeper than
5 m,

In the equations of the heat balance of elementary volumes of soil and
subsoil the heat level 1s expressed by the so-called "accumulative term" which
denotes the positive or negative accretion of heat in separate elements of the
earth's crust during a day, year or a longer period of time (Chudnovskii, 1948;
Kolesnikov, 1952). Thus if the annual supply of heat transmitted to an element
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of a layer of soil from above 1s denoted by va, that from the sides adJacent
to the lateral face of the soll mass by Qpb’ that from below from the under-
lying stratum or from above by Qpn’ the loss of heat upwards or downwards by
Qrv and the loss to the adjJacent lateral faces of the soill by Qrb’ the equa-
tion for the heat balance of the selected volume of the earth's crust can be

written as follows:

Oare = Uy T Upp ¥ Uy Ty F U (4.9)

where Qak is the changes in the heat content in the given volume of soil.

With a similar equation one can express the heat balance of a prism taken
from any uniform section of land consisting of soil and lithosphere; the height
of 1t may vary depending on which strata of the lithosphere are being
considered.

Of the great varilety of specimen columns or prisms taken from the "outer
active layer" of the earth's crust the lowest heat cycles and lowest tempera-
tures are found in peat-moss and clay~peat-moss solls. Because peat and clay
solls (including fine silt solls) are relatively impervious to water and
because of the supersaturation of the upper parts of such prisms, since they
usually occur in depressions of the relief, the annual positive heat cycle
occurs 1in the uppermost stratum of the earth's crust. Most of the sun's heat
is consumed on evaporation from the soill and vegetation and of the heat that
is accumulated in the soil during the warm period of the year most of it
radiates and is transferred by convection into the atmosphere during the first
two or three months of the fall and winter.

This particular feature of heat exchange between peat-clayey soils and
the atmosphere and 1ts effect on the temperature regime of the soil and
particularly the formation of permafrost was noted as early as 1910 by B.B.
Polynov. .

According to the value of the annual heat cycle one can construct the
following series from the variety of lithological prisms (golng from the low-
est to the highest values of this geothermal index): peat-moss, clay-peat-
moss, clay loam-peat-moss, clay, clay loam, sand loam, sand, sand-gravel,
egravel, gravel-pebble, pebble, rubble stonc, boulder, rubble stone-solid rock
and rock. In the future a detalled classification will have to be worked out
for the various cross-sections of the earth's crust.

The value and sign of the accumulative term of the heat balance in the
earth's crust reflect the influence of all physical processes involving con-
tinuous heat exchanpe between the earth and the atmosphere, geologilcal,
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blogeochemlical and other phenomena. For us the mosat important of these
physical processes 1s the deep freezing and thawing of the lithosphere.
Freezing of the lithosphere to depths of 100, 200, 300 m and more occurs as
the result of considerable losses of heat or the predomilnance of the negative
value of @ in the heat balance equation (4.9) for a prolonged, undoubtedly
historical-geologlcal perlod of time, measured . in thousands of years. These
negaclve values Of‘Qak are the result of varylng annual negative heat cycles.

A negatlive heat cycle extendlng over many years results 1n very large
irreversible losses of heat energy from the frozen strata and also large
quantitlies of heat from great depths, particularly when there 1s progressive
freezing of the earth's crust during the period when the heat exchange between
the earth and the z2tmosphere had not reached a steady state. In the geologlcal
sense low areas that were recently covered by water and some hilgh areas of
extensive erosion are living through such a period. Itf 1s possible that for
this reason the geothermal stages of the upper reaches of rivers flowing from
mountain ridges in the northeast part of the USSR are but comparatively small.

Permafrost scilentists would like to eluclidate the mechanism of develop-
ment and appearance and dilsappearance of seasonally frozen soll or permafrost
as geophysical phenomena not isolating them from the exterrizl or 1nternal heat
effects, The extremes 1n estimating the value of heat from solar radiation
and from the internal heat of the earth are the result of the narrow specialil-
zatlon of geophysiclsts. In splte of the very small quantity of heat coming
from the 1lnner reaches of the earth, 1t neverthelegs resulfs In the exlstence
of a lower boundary to the frozen strata. This 1s a level of mobille equilib-
rium between the lliquld and solild phases of ground water which shifts in one
direction or the other because of changes 1n heat loss of the soll and earth's
crust,

Permafrost sclentists cannot ignore such an important index of the
development of permafrost and heat exchange between the upper strata of the
earth's c¢rust and the atmosphere as the recilprocal transition of the physical
state of ground water accompanylng funamental changes in the physico-chemical
system. The simplification of complex phenomena of heat exchange for the sake
of ease 1n mathematlcal formulation would necesslitate the exclusion of all
thermodynamic effects in the soil connected with transitions in the physical
state of moisture 1n the soll as well as endothermic and exothermic reactions.

The mechanisms of the development of heat exchange in the system soil-
subsocll, freezlng and thawing of soll and subsoil, and conditilions of origin
and exlstence of permafrost can be understcod better if one regards the soil
and subsoill as highly complex physico-chemical systems and not anisotropic and
homogeneous so0lld hodles.
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The complexity of these physico~chemical systems comes from theilr being
made up of many components and existing in three phases. The basic components
of these systems are: solid mineral particles, true and colloidal agueous
solutlons and gas incluslons. They are of themselves not homogeneous. More-
over, the aqueous solutions of various components and also the gases filling
the pores andé cavities in this soil (for example frost cracks, drying, physi-
cal erosion and leeching) are made up of many components and are continuously
moving in connection with diffusion, convective and turbulent heat exchange
in the systems,

A.F. Lebedev in considering the migration of water vapour in the pores of
the s0il and subsoll noted the effect of this phenomenon on heat exchange
between the various strata of the earth's crust. "The movement of water vapour
in the soll and subsoill 1s a function of the temperature of the upper strata
of the earth's crust, and is undoubtedly one of the most powerful factors in
the heat exchange of the soil. The continuous flow of water vapour from the
lower reaches of the earth's crust to the surface and their condensation at
the surface increases the temperature accelerating‘the energy of heat exchange
between the deeper parts and the surface strata of the earth" (Lebedev, 1936,
page 271).

The migration of liquid water along the pores and cracks of the soil and
subsoll and not only that of water vapour, as noted by Lebedev, 1s of great
importance in the heat exchange of the various strata of the earth's crust.

In all non-steady state processes of freezing and cooling of the soil and sub-
soll from the surface, particularly when they are seasonal, film and caplllary
water are actlve transporters of heat. The movement of film and capilllary
water along pores in soil and subsoll when there 1s a temperature difference
in them towards horizons of intensive cooling and ice formation resuits in a
decrease in the gradient inside the water-transmitting and heat-transmitting
strata.

In nature, fllm and capilllary water moves along the pores through strata
of soil and subsoil in two directions: (a) towards the bottom of the strata
wlth annual temperature variatlion as well as also towards horizons of lower
temperature in the earth's crust, and (b) towards the surface of the soil,
gince the dilrection of the temperature gradients above and below these horizons
are in opposite directions. In thils, as in other natural phenomenon, there is
a contradiction: The movement of the film and capillary water caused by
temperature difference tends to destroy this reason by decreasing the tempera-
ture difference and the geothermal gradient (the LeChatelier principle).

In water-saturated sand or broken stone deposits saturated with water
there would seem to be some ccnvectlve heat exchange althouph it 1s more
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evident in rock formations where cracks open up into stagnant water bodies.

Up to 1950 the study of heat transfer was enriched by the work of Prof,
A.V, Lykov on heat-moisture transfer observed in molst porous materlals,
"heat-moisture conductivity introduces a correction into the heat conductilvity
law of Fourler since a specific portion of the heat is transferred by the flow
of moisture" (Lykov, 1950).

The Fourier heat conductivity law (the density of heat flux 1s in direct
proportion to the temperature gradient) expressed by the equation

aq = "7\th
is altered and takes on the form
q=-(A + kyobY)Vt - ky You,

where q 1s the density of heat flux in kcal/m? -+ hr,
18 the heat conductivity coefficlient in kcaL/m - hr « degree,
is the moisture transfer coefficient in m?/hr,
18 the moilsture density,
18 the heat-moisture transfer coefficient in EEé?EE
ls the heat content of the moilsture transferred inslde the material
in kecal/kg,
vt 18 the temperature gradient,
vu is the moisture gradilent.

The result of the movement of any form of water upwards or downhwards in
the subsoll either because of a temperature difference or the force of gravity
18 an equilibration of temperature in the frozen stratum or, in other words, a
decrease in the temperature gradient. '

This cannot be ignored either in calculating the thickness of a seasonal
frozen stratum when one 1is determining the upward flux of external heat only
by the temperature difference at the foot of this layer or in consldering
the so-called "normal geothermal gradilent" (S.A. Kraskovskii, 1948), since the
temperature fleld in the upper strata of the earth's crust cannot be considered
to be In an unconditionally steady state. At the present time one cannot
explain the difference in rates and depth of thawing in clay loam and sand
80i1ls only by the difference in the heat conductivity coefficient as was done
by previous investigators (A.F. Middendorf and others).

Solid, liquild and gaseous bodiles comprising the vertical cross-section of
the lithosphere are subject to the thermal, gravitational and other physical
fields of the earth. )

»
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Taking into account all the effects of these fields on the solid, liquid
and gaseous components of the upper stratum of the earth's crust, i.e. the
correlation of kinetic, potential and "surface-partial" energies under actual
conditions and knowledge of the possible thermal motions makes 1t possible to
get a good understanding of liquld and gas transfer and heat exchange in the
soil and subsoil.

Heat exchange in the systems atmosphere-lithosphere, surface of the soil-
upper strata of the earth's crust, stratum of water-bottom of a water body take
place by means of the following:

(1) radiation;
(2) absorption of radiation energy;

(3) heat conductivity;

(4) convection;

(5) turbulent mixing of liquids and gases;

(6) diffusion of water vapours and motion of film and capillary water;

(7) the reciprocal transition of the three physical states of H,0.

In the vertical cross-sections of the systems, stratum of air adjacent to
the ground-surface of the soil-upper layer of lithosphere or atmosphere-bottom
of a water body the above-mentioned types of heat exchange coincide and are
superimposed one on the other or one is replaced by the other.

The varicus conjugations and substitutions in forms cof heat exchange
explain the difference in activity and results of heat exchange in these
systems on neighbouring sections of land with egual heat supply at the surface
of the soil but with varying composition and structure of the soil and subsoil,

For example, azonal permafrost massifs of llimestone with large karst
cavities (in the valley of the Ufa River in the region of the Kungur caves, 1n
the Razvalka Mountaln and other places) are due to the activity of turbulent
énd convective mixing of cold and therefore heavy air with warmer and there-
fore not so heavy air in the karst cavitles during the winter and the absence
of this type of ac¢tlve mixlng during the summer,

The circulation of cold air 1n karst cavities during the winter due to
the force of gravlty i1s a fundamental condltion for the generation and
exlstence of permafrost masses or lenses 1n karst-containling limestone. In
such places one does not find the usual ratio between the mean annual temper-
ature of the alr and the temperature of the rock at the bottom of the stratum
with annual variation in temperature, the former 1is higher than the latter.
This explains the fact that the temperature of fresh water of the Razvalkin
spring 1s 4.4°C below the mean annual temperature of the air in Zheleznovodsk.
The geologlcal condition - the presence of large cavities (caves and fissures
opening to the air) - is completely sufficient for deep penetration of frost



into the subsoll converting it into a permafrost stratum even though the
climatic conditlons may be unfavourable for permafrost.

The effect of adiabatic expansion of underpground gases, for example carbon
dioxide jets arising from below along karst cavities and cracks of other
origin, can also bring about local permafrost in the subsoil in relatively low
latitudes. But thisgs effect occurs rarely.

The origin and present-day existence of permafrost strata in the bottom
sedimentary deposits of the shallow water shelf of the Arctic Ocean, as well
as the freezing of the bottom of salt lakes (A.I. Dzens-Litovskii, 1938), is
explained as follows. As the thickness of 1ce cover increases the concentra-
tion of sea water adjacent to the lower surface of the ice increases, and
therefore the water at the interface with the ice becomes heavier and colder
than the deeper water and descends to the bottom. The cold water 1s replaced
at the boundary between the solution and ice by warm bottom water which being
lishter rises to the undersurface of the ice. In this way there is transfer
of matter and energy in a medium that is under the influence of gravitational
and temperature fields.

As a result, the concentration of salt in the water adjacent to the bottom
increases and the temperature decreases, whereas the concentration of salt in
the water that has previously penetrated into the bottom muck at some depth
from the surface of the bottom remains as before.

The temperature difference at the boundary between the layer of sea water
descending from the ice surface above and the bottom muck results in heat loss
and a decrease 1in the temperature of the muck, and in some cases freezing of
the muck. Returning to the question of heat balance in the soil, 1t should be
noted that all cooling and freezing of the earth's ecrust occurring over a
space of time 1s connected with a decrease 1in enthalpy (heat content) of the
lithosphere, whereas heating and thawing of permafrost results in an increase
in the heat content of the lithosphere.

Regardless of how large is the annual influx of heat to the soll it is
under ordinary natural conditions less than the external heat loss of the soll
during an annual cycle. Artificial or natural changes in the conditions of
heat exchange between the soll and the atmosphere can made the difference in
Influx and loss of heat for a specific period of time a positive value. Then
the temperature of the earth's crust will inecrease and permafrost will thaw.
Only the increase in the quantity of heat reaching the soil from above and
below results in the increase in the geothermal level of heat exchange between
the soill and the atmosphere. It is for this reason that one observes an
inerease in the mean annual temperature of the soil moving from the north to
the south, and not because 1in the south the heat balance of the soil is
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positive whercas in the north 1t is negative. Generally speaking, the terms
"positive" and "negative placed in front of the terms "heat balance of the
s0il" contradicts the definition "heat balance is the equilibrium between
influx and loss of heat'.

Permafrost scientists, like other investigators of the thermal regime of
the soil, must of course take into account the fact that they do not in all
cases know the c¢iffcrence between the influx and loss of heat, since they have
at their disposal the temperature as an index of changes in heat reserves in
the soil.

Nevertheless one cannot fully agree with the idea that knowledge of the
temperature of the soll and the direction in which it 1s changing gives all
the necessary information for predictilng the energy processes in the soil and
controlling themn.

From their experience in investigation and in solving many practical
problems, permafrost sclentists have been convinced of the necessity of con-
structing even very approximate algebraic swas of the influx of hcat to the
soll and the loss of heat energy by it, and an analysis of the components of
the heat balance for working out rational methods of controlling freezing and
thawing of soil and subsolil. The control of processes of freezing and thawing
of soll and subsoil is, in fact, the main task of permafrost scilentists, The
success in solving thils problem depends on the success in idnvestigating the
fundamental mechanism of heat exchange in the systems soil~atmosphere, soil-
lithosphere in close connection with experience in the utilization of terri-
torles containing frozen subsoil. The investigations of FP.X. Koloskov (1930,
1932,) and V.P. Bakakin (1955,) proved this convincingly.

One frequently deals with heat exchange in the system soil-upper stratum
of the earth's crust and with the heat balance of the so0il, but not with the
heat exchange in thec system atmosphere-upper stratum of the lithosphere, and
not with the heat balance of the layer of atmosphere adjacent to the earth.

In fact, the soil 1s heated directly by solar radiation and cooled by i1ts own
radiation resulting from the transformation of heat from various sources into
radilation enerpy and is cooled or heated by a convective heat exchange with
the ailr, evaporation from its surface and condensation of molsture in the soil.
Knowing the heat balance and the temperature of the soil makes it possible to
deternine precisely the geothermal level of heat exchange between the soll and
upper strata of the earth's crust, the moblle levels of thermodynamic equilib-~
rium at which the annual heat cycle in the soll and lithosphere take place.

The equations for the heat balance of the uppermost stratum of soil, 10 cm
in thickness for example, if one takes into account only the fundamental
aspects of 1its heat cycle, can be represented by the following expression:
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Qup + Qup *Q +Q, + 0, + Q) +Qy +Q +Q, +Q,, +Q =0, (4.10)
where Qpr is the heat of direct solar radiation,

er is the heat from diffused radiation of the sky or scattered

radiation,

Q is the heat brought or removed by atmospheric precipitation,

Qv is the heat of incident radiation from the sky,

Q is the heat of radiation reflected by the soil,

Qi is the heat radiated by the soil surface,

is the heat of evaporation of moisture (condensation of wvapour),
Qk is heat transferred or heat received as a result of convective
(turbulent) heat exchange between the soll and the atmosphere,
is the heat accumulated or lost by a stratum of soil,

Q. 1s the heat rising to the surface of the soill from deeper strata of

the earth's crust,

Qt is the heat supplled by water moving towards the cooling plane

connected with migration of ground water.

This analytical expression for the heat balance of the soill does not take
into account heat received or given off by the surface of the s0ll by advection
during heat exchange with air moving above it (during winds). But as
established by M.I. Budyko (1956) this is not required.

In the above rather expanded equation for the heat balance of the upper-
most stratum of soil the component Qak contains all the accumulated or lost
heat of the soill, 1ncluding the heat of freezing and melting of water,

As we can see, this equation 1s very complex. The numerical values of
many of the terms expressing the annual total loss or advent of heat are
unknown to permafrost sclentists or geophysicists. To the present time inves-
tigators do not know the radiation constant of the atmosphere, they have not
learned to determine precisely the radiation constant of the soil. Difficul-
tiles have been experienced in obtalning a precise determination of the index
of evaporatlon from the surface of the so0il and condensation on it and in the
301l i1tself.

But the notion itself of an annual heat balance of the outer stratum of
the so0ll as a particular expression of the law of conservation and transforma-
tion of energy 1s a powerful weapon in the hands of permafrost scientists when
they are developing methods of using natural sources of heat and cold for
controlling thawing and freezing of the upper strata of the earth's crust.

The most cursory analysis of the structure of the heat balance of the
upper stratum of soll 10 em 1n thickness shows which components can be‘changed
by man by the means évailable to him, It 1s clear that it is not within the
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power of man to change the quantity of radiation energy from the sun (direct
solar radiation Qpr and scattered radiation er). However, it i3 within his
power to change the quantity of solar radiation reflected fron the soil QO by
changing the albedo of the earth's surface; he can decrease the loss of heat
of evaporation of surface water and soill water Qik by drying the soil,
decrease the quantity of heat radiated and transferred by the soll to the air
by increasing the depth and friability of the snow cover, and thus change the
quantity of heat accumulated in the soil.

As the result of all of these changes, the geothermal level of heat
exchange in the soll Increases or decreases, and in local areas of particular
interest to permafrost scientists the soil may be changed from the frozen to
the non-~frozen state or vice versa. In this connection it would be fitting
to recall again the conviction of A.A. Grigor'ev that one should not confuse
the question of the age of permafrost with the question of the conditions
under which 1t can exist at the present time. In his opinion "if permafrost
arose during a preceding geologlcal epoch it is retaincd at the present time
only in those reglons where it could now develop, otherwise it would have
disappeared long ago" (Grigor'ev, 1930,, page 47).

The freezing and thawing of the soll and subsoil is very complex. The
accompanying physico-chemical and physico-mechanical processes vary in content,
form, significance in the transformation of the composition, structure and
texture of the soil and underlying mineral natter depending on their peculiar
features: extent of dispersion and the extent to which the cavitles and pores
are filled with water and air.

Soil and ground water as solutions or solvents have a continuous physical
or chemical action on the soil and mineral matter.

Thus in considering the processes of cooling and freezing, the heating
and thawing of the soil and upper strata of the soll, we should continuously
keep in mind that they contain agqueous solutions of various concentrations and
compositions which move at varying rates depending on the strength of gravita-
tional, thermal and other physical fields, interact chemically and physically
with tThe s501lid nineral aggregate under the influence of forces of surface
tension.

Freezing and thawling of dispersed and finely dispersed solls and mineral
natter is a particﬁlarly complesx process.

In 1866 I.A. Lopatin turned his attention to the "self stratificatilion” of
clay subsoils in the valley of the Inisel to the north of Dudinka which had
cracked and were composed of succeeding layers of frozen clay loam and ice.

In writing of this in 1872 he camc to the idea that this "false stratificatian’

is the result of the freezing process of these deposits. At the present time
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permafrost scientists are intensively studying the cryopgenic texture, the
shrinkage and cracking of fine silted clays, clay loam and sand loam at
temperatures of -2 to -3°C, the settlement on thawing of these "stratified"
lce-contailning soils for using them as a basc for building construction.

In any dispersed frozen soill at any low tenperature there is always some
quantity, although it may be very small, of unfrozen vater.

The region of ilntcnsive phase transition of water for clayey soils 1s in
the temperature renge of 0 to -2°C, for sandy soils it is from 0 to -0.5°C.
Only when the temperature of sand, sand loam and clay loam solls 1s below -7
and -10°C can one for practical purposes neglect phase transition of the
molsture contained thercin,

The phase transitions of water in the soll and the quantitative relations
between the dilferent phases of water have a very 1lmportant effect on the
physical ané mechanical properties of frozen soil. ,

Generally in processes of cooling and freezing, heating and thawing of
moist so0il and water-bearing subsoil one finds all the mechanisms of changes
in a multiphase system proving the valldity of the equatilons for the state of
such systems. The level of mobile equllibrium of phascs 1n the system ice-
water In the subsoil shifts in one or the other direction immnediately there is
a change of any one of three variable magnitudes - temperature, pressure or
concentration of the solution. However 1t 1s known that the temperature of
the so0ill and subsoil, like the pressure components, changes continuously and
thereforc there is a continuous shift in the egulilibrium level in the systems
ice~-water, f{rozen-unfrozen soil.

The external concltions and geophysical processes such as solar radiation
and the racdiation of the earth itself, heat exchange between the surface of
the soil and the atmosphere, moisture cycle, cannot be constant and therefore
any equilibrium betwecn the ligquid and solld phases of ground water will bve
sooner or later upset.

Physico-chemical interactions between unfrozen water and mineral particles
occur even &t below freezing temperatures, namely, exchange reactilons, '
coagulation, dissolving and crystallization, etc.

One cannot therefore say that permafrost is a zone of chemical rest,
although it 1s perfectly clear that at the freezing temperature of the bulk of
ground water (gravitzctional and film) there is a step-like change 1in the
reaction rate in the soil.

The migration of water and other physilco-mechanical and physico-chemical
effects occur at a rapid rate {(at the teuperature of phase transitions) in
finely dispersed solls and subsoils making up the stratum with an annual change
of temperature. This is explalned by the very large temperature gradient
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caused by seasonal cooling and heating of the upper strata of the soil and
subsoil.

The unsteady temperature field and the large temperature gradilents in the
stratum of soll with an annual temperature varlation, which is particularly
large 1in its upper horizons, are tiled in with the majority of the so-called
permafrost effects: heaving, thermal karsts, cracking of the soil, peat
mounds, medallion spots, lce formations, etc. The lncrease 1n ice content of
clayey and fine silted deposits are connected and colncide wilth these particu-
lar features of the temperature field of a given stratum of the lithosphere.

Below the bottom of the stratum wlth annual temperature variations, where
there 18 a relatively steady state (throughout the course of a year) in the
temperature field, there are no such large gradients.

The fundamental hypotheses in permafrost studies mentioned in this paper
concerning the mechanisms of the freezing and thawing, composition, structure
and properties of frozen soils have been obtained as the result of investiga-
tions of A.I., Voeikov, L.A. Yachevskii, V.A. Cbruchev, M.I. Sumgin, A.V. L'vov,
A.A. Grigor'ev, P,.I. Koloskov, N.A, Tsytovich, N.I. Tolstikhin and many
members of an inereasing number of Soviet permafrost sclentists.
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Varlations in temperature moving away
from Lake Glubokoe
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Fig. 4

Variations 1n the geothermal level of heat exchange
between the soil and atmosphere

I - medium latitudes where the subsoll under the seasonally frozen soll is
unfrozen; II - zones of continuously frozen subsoll and seasonally thawed soil;
III - southern or lower boundary of the zone of continuously frozen subsoil
where the thickness of the seasonally frozen stratum 1s equal to the thickness
of the seasonally thawed stratum of the earth's crust;
IV - high latitude polar zones; V - tropic zones



