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PREFACE

This translation 1s the third arranged by the Permafrost
Subcommittee of the Assoclate Committee on Soil and Snow Mechanics
of the National Research Councll of the Russian permafrost publi-
cation, "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). The
second in the group was Chapter IV, "General Mechanisms of the
Formation and Development of Permafrost" by P.F. Shvetsov (TT-1117).

The first section of this translation of Chapter VII by
I.Ya, Baranov discusses the global distribution, with emphasis on
the U.S5.35.R., of seasonally frozen ground. The largest portion of
the text deals with the distribution of permafrost throughout the
world. It includes information on the areal extent, thickness and
temperature of permafrost, and varlations in these characteristics
from one physical region to another.

The Division of Buillding Research 1s grateful to Mr. A. Nurklik,
Research and Training Division, Meteorological Branch, Department of
Transport, Toronto, for translating thils chapter in response to the
request of the Permafrost Subcommittee.

Ottawa R.F. Legget
April 1964 Director
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GEOGRAPHICAL DISTRIBUTION OF SEASONALLY FROZEN GROUND AND PERMAFROST

Introductilon

The phenonmenon of the freezing of the earthfs crust occurs not only in
two circumpolar regions of the earth but also in its temperate and tropical
zones near and above the "permanent" snow-1line.

In the northern hemisphere the areas of seasonally frozen ground and
permafrost encompass parts of the Eurasian and North American contlnents, the
Arctic Ocean 1slands, Greenland and Iceland. In the southern hemisphere the
area comprises the Antarctic continent and the antarctic islands in the
Pacific, Indian and Atlantic Ocean .

The depth of the freezing of the earth's crust depends, in the first
place, on the duration of frost period (seasonal or perennial) and the severity
of frost. It also depends on the compositlon, propertles and condition
(moisture) of soll and bedrock, some physical and other processes taking place
in the ground and the heat flow from inside the earth, etc. Consequently, the
formation, duration and depth of frozen ground depend on the latitude and
altitude ofva locality, i.e. on the pecullaritiles of zonal and vertical ex-
change of heat between the ground and the atmosphere and the interactions of
heat and moisture between the continents, seas and oceans. The peculiaritiles
of the vertical exchange of heat and the interactions of heat between the
continents and oceans destroy the solar zonal heat regime of the ground and
produce an irregular form to the boundaries of areas of seasonally and per-
manently frozen ground in the circumpolar regilons (Fig. 21) of the earth.

Periods of freezing and thawlng of the earth's crust and the exlstence of
frozen layers and depths vary from several hours 1n low latitudes to many
yYears to thousands of years 1n high latitudes. 1In the near equatorial zone
the freezing of soll as a regular seasonal phenomenon is possible only in high
mountains, Over its continental deserts, the seasonal freezing of aoll is
replaced by short-lived radiational cooling of soll below the freezing point.
However, no typical freezing of soll with the development of ice texture oecurs
here since the soil moisture does not exceed the hygroscopic level.

Purely seasonal freezing of ground (not related to permafrost) occurs in
cerivain regions surrounding the circumpolar permafrost area and under different
climatic conditions. In mountainous terrains of these regions frozen ground
is distributed in a vertical zonal pattern.

Between the main areas of seasonally frozen ground and permafrost,
transitional latitude and altitude sub-zones exist where the depth of seasonally
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frozen ground may equal the depth during a complete thawing season. North of
this sub-zone, or above this vertical zone in mountains, the permafrost begins
locally at first, in places where conditlons are most favourable for 1its
development and then becomes continuous at some higher latltude and elevation,
In the northern hemisphere this zonally oriented transitional sub-zone separ-
ates the areas of purely seasonally frozen and perennially frozen ground.

Distribution of Seasonally Frozen Solls

As a result of the heterogeneous physical geographical conditions of the
heat exchange between the ground and the atmosphere, the boundary between the
areas of seasonally frozen ground and the permafrost are not definite lines
but, as was stated above, transitional sub-zones or belts which 1limit season-
ally frozen ground or where 1t and the permafrost occur only sporadically.
Line-boundaries defining areas of different frozen ground types discussed
above may be used only on small-scale charts. Transfer of these line-boundar-
les on a large-scale chart has not meanlng at all since the boundaries on
these charts must already outline the 1slands of seasonally frozen grounds and
permafrost in transitional sub-zones., Line-boundaries on charts with a scale
smaller than 1 : 5,000,000 indicate only the general directions of the transi-
tional sub-zones and the mountain belts and give an l1dea of the basic distri-
bution of frozen ground.

The line-boundaries of seasonally frozen ground have not been established
as yet. Even the method of determining these boundaries on large-scale charts
has not yet been worked out. It 1s evident that a method based on actual
observational data would be most appropriate for the purpose. However, it is
practically impossible to have such a dense observatilonal network as to be
gulded only by actual data in plotting the boundaries of seasonally frozen
ground even on small-scale charts,

Nevertheless, the actual observed data must be the basis of a combined
method which takes into account laws governing the seasonal freezing of soll
An various physical-geographical regions of the earth. Unfortunately suffic-
lent observational data are not yet available for working out such a method.

Owing to a llmited number of observational data available in many foreign
countries on the distribution of seasonally frozen ground 1t was necessary to
use some indirect indices which would permlt one to outline, although approxi-
mately, the areas of seasonally frozen ground. Two climatological indices
were used to determlne the possibility of soll freezing and the depth of the
freezing. The first of these indices was the January mean alr temperature in
the northern hemisphere and the July mean air temperature in the southern
hemisphere. The second index used was the duration of frost period (period of
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below freezing temperatures) in particular and the probabillity of below
freezing temperatures in general.

These indices, particularly the duration of frost period also reflect the
effect of the elevation of a locality.

The use of these lndices 1is Jjustified by the fact that there 1s an
established relationship between the ailr and soll temperatures. Furthermore,
considerably more long-term data are available on the ailr temperature and the
duration of frost periods than on the s0il temperature and the depth of frozen
ground. The disadvantage of using air temperatures instead of soll tempera-
tures 1s that the former cannot reflect the peculiarities in the freezing
depth caused by the composition of s0il and other physical-geographical
factors (snow cover, surface water, plant cover, etc.).

Analysis of these two indices indicates that they form a uniform although
indirect basis for outlining the areas of seasonally frozen ground on the
earth's surface. Mecan air temperature charts cannot be used for this purpose
since they do not reflect the true picture of the temperature distribution
which depends on the elevation of the terrain and other physical-geographical
factors,

The zone of seasonally frozen ground and the sub-zone of transitory
frozen ground are shown in Fig, 22. The dashed line isolates the area of
seasonally frozen ground (heavy shading), i.e. the area where the seasonal
freezing of so0il for varying lengths of time 1s an annually recurring phenom-
enon and where the seasonally frozen ground in patchy, or in a more continu-
ous form, prevalls over areas where soll does not freeze each year. The dotted
line in Fig. 22 outlines the sub-zone of transitory frozen ground (light
shading), i.e. the area where the seasonal freezing (cooling) of dry soil is
short-lived (from some hours to some days) and does not occur each year. In
this sub~-zone, islands of seasonally frozen ground are widely distributed and
are located in regions where the physilcal-geographical conditions are most
favourable for the freezing of ground.

South of the sub-zone of transitory frozen ground in the northern hemi-
sphere and north of this sub-zone in the southern hemisphere, seasonal freez-
ing of soil may occur only in high mountain ranges as the result of the
peculiarities of the heat exchange between the surface and the atmosphere.

A considerable portion of the area of seasonally frozen ground in the
northern hemisphere is situated on the Euraslan continent. Here seasonal
freezing of ground occurs over almost the entire territory of the USSR, the
Seandinavian countries, central, western, southern and southeastern Europe,
Asila Minor, middle and central Asia and the foreign part of the Far East.
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In western and southern Europe the seasonal freezing of ground occurs
only in limited areas on the Iberian, Apennine and Balkan peninsulas. On the
Iberian Peninsula soil seldom freezes in the southwestern coastal lowlands of
Portugal and southern Spain becaugse of the warming influence of the Atlantic
and the barrier effect of the Slerra Morena and Andalusian ranges which
obstruct the southward penetration of northern cold waves.

There 18 also no soll freezing on the coastal lowlands of the
Mediterranean islands (Balearic Islands, Corisca, Sardinia, Sicily, Malta,
Crete, Cyprus, etc.).

Owing to the fact of warm sea currents, the soil almost never freezes in
the southern part of the Apennine Peninsula along the coasts of the Adrilatic
and Ionian Seas. The same can also be sald for the southern part of the
Grecian Archipelago, east coast of the Mediterranean Sea, Arablan Peninsula
(with the exception of some mountain ranges), coastal areas of the Persian
Gulf and the Arabian Sea.

On the Indian Peninsula, the boundary of seasonally frozen ground coln-
cides with the southernmost ridges of the Himalayas. From there it swings
eastward under the influence of the nearly meridionally aligned Szechwan Alps
the upper reaches of the Merkong and Yangtse rivers south to the latitude of
the Troplc of Cancer. In the coastal areas of the South China Sea, separated
from the main continent by mountains, the ground does not apparently freeze.
North of this boundary the sub-zone of transitory frozen soll has a very
varlable width and a complex configuration.

Owing to the warming influence of the Gulf Stream the freezing of soil
in England, even at latitudes 50 ~ 52°N, and on the west coast of France, is
rather short-lived and not an annually recurring event., The sub-zone of
transitory freezing of ground attains a considerable width in the lowlands of
the Apennine Peninsula under the warming influence of surrounding seas and
the barrier effect of the Alps to the north and the Dinaric (Balkan) Alps to
the east. In mountainous reglions of Italy and the Medilterranean islands
seasonal freezing of soll 1s a regular phenomenon.

Further east in Asla Minor the area of seasonally frozen ground increases
because of the mountainous character of the terrain. Owing to the deep south-
ward penetration of polar air ever this reglon, the seasonally frozen ground
attains 1its southernmost position (namely in the Zagros Mountains in western
Iran, in Asia Minor). Still further east in southern and southeastern China
and southern Japan the width of the sub-zone of transitory freezing is
consilderable,

The southern boundary of the area of regular seasonal freezing of ground
on the Euraslan continent has a rather odd form., Its position depends on the
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influences of the Arctic and the continent. In reglons (western Europe,
southeastern China) where these effects are modified by warm seas, it recedes
northward and advances south where the continental and arctic influences
prevall. The shifting of thils boundary i1s also assisted by the elevation of
the terrain.

Comparison of freezing depths in western Europe and in the European
U.8.58.R. 1llustrates the diminishing effect on the seasonal freezing of
ground, of warm seas and latitude, and the increasing effect of the cooling
of the contlnent by outbreaks of arctic air.

In western Europe the thickness of seasonally frozen ground 1s rather
small (10 - 20 cm). From there it increases slowly northward and eastward.

In the European U,S.S5.R. 1t alsc increases from south and soutwest to north
and northeast. For instance, the depth of seasonally frozen ground is 10 - 20
cm on the south coast of Crimea, 2 - 2.5 m at the Arctic Circle and locally

3 « 3.5 m in the low snowfall regions of the Ural Mountains.

In mountainous regions of Europe and Asla, the thickness of this layer
increases ilndependently of the latitude. On the Central Aslan plateaus where
the so0il 1s relatively dry, the depth of seasonally frozen ground even in
middle latitudes (45 - 47°N) 1s 4 - 5 m,

The area of seasonally frozen ground attalins 1ts greatest north-south
extent (nearly 4000 km) in the European part of the U.,S.S.R. Further east,
it shrinks considerably (2000 -~ 2100 km along the 90°E meridian).

On the North American continent seasonally frozen ground is widespread.
Only a narrow zone along the coast of the Gulf of Mexico (including Florida)
and along the Paciflc coast up to the latitude of San Francisco escape the
regular seasonal freezing of ground. In the Cordilleras the boundary of
seasonally frozen ground must be located at a certain altitude and must extend
southward to the latitude of the Tropic of Cancer. A wide sub-zone of transi-
tory frozen ground liles north of the dotted line boundary shown in Fig, 22.

Eastward from the Rockles to the Atlantlc coast the seasonal freezing of
ground occurs under condltions of flat terrain. In the western part of the
North American continent the extent and the thilckness of seasonally frozen
ground are influenced by the Rockles and the plateaus., The barrier effect of
the Cordilleras and Rockles increases the continentality of climate. In this
connection the area of seasonally frozen ground along the Rockiles extends to
3000 km, In the eastern part of the continent it also widens meridionally,
although to a lesser extent, under the influences of the cold Labrador current
and the Appalachian range.

Judgling from the c¢limate of the North American continent, the depth of
the frozen layer must increase from south to north and from southeast to
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northwest. If one compares the climatological pecullarities of this continent
with those of western Durope and the European U.S.S.R. one may assume that the
maximum depth of seasonally frozen ground, pecullar to steppe regions, must
occur 1n the Rockies in the northwest part of the continent (Canada), where it
may be 2 to > m.

In the southern and southwestern plains as far north as to the southern
shores of the Great Lakes, seasonally frozen ground has a rather limited
thickness (less than 0.5 m) and patchy distribution particularly in the
Mississippi valley.

In Greenland and Iceland seasonally frozen ground is a regular phenomenon.

In more southerly climatic zones individual islands of seasonally frozen
ground are located in the Atlas range (northwestern Africa) and on elevated
terralns of Indonesla and Mexico.

Such 18 the general plcture of the distribution of seasonally frozen
ground and bedrock in the northern hemisphere.

The extent of seasonally frozen ground 1n the southern hemlsphere is
different from that in the northern hemisphere owing to differences in the
size, location and outlines of thelr continents. In the southern hemisphere
the area of seasonally frozen ground is very limited and insigniflcant as
compared to the northern hemisphere.

Seasonal freezing of soll as an annual phenomenon on the African continent
is only possible in 1ts southernmost extremities, namely in the Drakensberg
range where 1t may extend to the latitude of the Tropic of Capricorn. Asg a
transitory phenomenon it may occur on the elevated terrain along the south-
western coast of the continent and in the southern part of the Kalahari Desert.
Seasonal freezing of soll in a belt is possible in mountains in the eastern
part of the equatorial-tropical zone: 1in the region of Victoria Lake and
Tanganyika Lake and also probably in the Ethiopian highland. In these regions
the freezing of soll may only be caused by the altitude of a locality, i.e. by
the peculiarities of heat exchange between the atmosphere and the upper parts
of mountains extending to an altitude of 4000 - 6000 m. For the sawme reason
even the existence of permafrost on Kilimanjaro (6010 m) is likely.

On the Australian continent, which 1s mainly south of the Tropiec of
Capricorn, the regular seasonal freezing of soil is possible only in the south-
ern and southeastern sections where the Australian Alps reach an elevation of
2200 m and the greater Dividing Range 1800 m. For the central portlon of the
continent only irregular transitory seasonal freezing of ground or 1ts radia-
tional cooling below 0°C seems probable.

Seasonal freezing of ground is also possible on the Tasmanian and New
Zealand islands. Vhile only the regular seasonal freezing of ground is
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possible on New Zealand's North Island where the terrain rises to an elevation
of 2797 m (Raukumara Range), the existence of permafrost in addition to sea-
sonally frozen ground 1s probable on Mount Cook (2797 m) on South Island.
Glaclers on Cook Mountaln which descend to an altlitude of 115 - 215 m are
evidence of this., Seasonal and perennial freezing of mountain bedrock in this
region depends directly on the elevation of the terrailn. The warming influence
of the ocean 1s suppressed by the domlnance of cold sea currents.

On the South American continent seasonally frozen ground 1is more wide-
spread than on any other continent in the southern hemisphere. Judging from
climatic data, seasonally frozen ground on plains and plateaus may extend to
the latitude of the Tropic of Capricorn and in the system of the Andes even to
the equator. The freezing of soll on the South American continent 18 due to
the elevation of the terrain and the intrusion of cold antarctic alr masses
into its southern part.

Seasonal freezing of ground also occurs in Tierra del Fuego and the entire
territory of Patagonia,

Numerous i1slands of seasonally frozen ground probably occur at an eleva-
tion of 2800 m within the boundaries of the Brazilian plateau.

Near the lower reaches of the Parana River 1in the lowlands between the
Andes and the Brazillan plateau and in the interlor of thils plateau, seasonal
soll freezlng 1s probably short-lived and does not occur each year.

The elevation of the Andes provides suiltable conditlons not only for the
seasonal freezing of ground but also for the perennlal freezing of bedrock.
The depth of the frozen ground on the South American continent may be varilable,
particularly in the Andes. Seasonal freezing of ground also occurs on the
Falkland Islands.

Distribution of Permafrost

All that was sald about the line-boundaries of seasonally frozen ground
also applies to the line-boundaries of permafrost.

Many efforts have been made 1n the past to plot the position of the
permafrost boundary. Works of A.F. Middendorf (1848, 1862) and K.M. Baer
(1855) of the Russian Academy of Sciences undoubtedly gave the first impetus
to these efforts. These authors were first to indlcate on the basis of scanty
observational data the boundaries of the areas of "permanently frozen ground".
Fritz (up to 1879) attempted to plot the permafrost boundary in the northern
hemisphere. His boundary is weakly founded however and has only historical
silgnificance. The same 1s also true of the permafrost boundary presented in
the Berghausen Atlas (1892). The latter boundary is a modifiled version of
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Fritz's boundary. The permafrost boundary in Andree's Atlas again closely
approximates the Berghausen boundary.

Following A.F. Middendorf, K.M. Baer and L. Yachevskii (1889), authors
M.I. Sumgin (1937), Sumgin et al. (1940), L.A. Brattsev (1940) and V.F. Tumel!
(1946) had more but still insufficient observational data at their disposal.
Their suggested southern boundary of the permafrost area is close to 1ts
actual position. However, 1n many areas the determination of this boundary
was still guided by general considerations based on the peculiarities of the
topography and climatic data (Tumel', 1946).

Many research workers have determined the southern boundary of permafrost
using correlations between quantitative climatological 1ndices and the temper-
ature regimes of soil and the lithosphere. To this group belong G.I., Wild
(1882), V.B. Shostakovich (1928), A.A. Grigor'ev (1930) and others.

' A group of authors has emerged in recent years who advocate the plotting
of the permafrost boundary on the basis of actual observational data and some
theoretical calculations based on studies of the interaction of a number of
physical-geographical factors which determine basically the development of
frozen bodies. This principle has been used by V.A. Kudryavtsev (1954) and
I.Ya. Baranov (1952).

The permafrost boundaries of various authors are presented in Fig., 23,

The permafrost areas of the globe based on contemporary observational
data and the theory of the formation of permafrost are presented 1n Filg. 22.
The permafrost boundary within the U.,S5.S.R. has been determined by V.A.
Kudryavtsev (1954) in 1949 and I.Ya. Baranov (1952) in 1950. The permafrost
boundary and the outlines of permafrost 1slands on the North American conti-
nent and Greenland in Fig, 22 are based on special calculations carried out by
I.Ya. Baranov,.

The permafrost boundary on continents in the southern hemisphere 1s not
shown 1in Flg. 22 because continuous permafrost there 18 confined to the
Antarctic continent. The position of permafrost islands and larger areas
shown in Filg. 22 are based mainly on calculations since actual observational
data are very scarce.

As can be seen from Fig, 24, the southern boundary of the permafrost
area 1in the northern hemisphere has a rather odd form. On the Eurasilan con-
tinent, in northern Fenno-Scandia and the European U.S.S.R. it outlines a
narrow zone of land which widens considerably when approaching the Ural range
where it swings sharply to the south. In western Siberia the permafrost
boundary encompassing a wide area of land follows a nearly latitudinal course
to the Yenisel River. Because of the increasing continentality of the climate
and the general rise of the terrain east of the Yeniseil which favour the
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cooling of the lithosphere 1n winter 1t then swings sharply southward along
the Yenisel River. After rounding the Altal range 1t leaves the U.S.S.R.
territory and continues eastward through Mongolia and China. Curving around
the Mongolian Altai, Hangay and Hentey ridges and the Great and Little Khingan
Mountains it returns to the U.S.S.R. near Khabarovsk. Here the permafrost
boundary follows the left bank of the Amur River to the Gulf of Tatary where
it terminates. It appears again only in the extreme north of Sakhalin Island
(Cape Yelizaveta) and on Kanchatka Peninsula where after rounding the souther-
1y extremes of the middle and eastern mountalin ranges 1t runs to the Sivuch
Cape in the Bering Sea.

The baslc condition for the development and existence of permafrost in
Kamchatka as well as in other mountainous reglons (Ural, Altal, Sayan, etc.)
is the presence of high mountain ridges. Numerous permafrost i1slands in the
Kamchatka mountain ranges and on summits of volcanoes form a permafrost area
large enough to be consldered as an extension of the continental permafrost
area.

On the North American contilnent the southern boundary of permafrost fol-
lows the southern slope of the Alaska range and then swings southward along
the western slope of the Rockles to 53°N then turns back northward along the
eastern slope of the Rockles to 57°N. From.there i1t swings to the southeast,
intersects Lake Churchil1ll and the northern part of Lake Winnipeg, passes
through southern extremities of Hudson Bay (James Bay), rounds the south side
of the Labrador highland and then swings north to latitude 53°N where it
disappears at the coast. It appears again in the southern part of Greenland
where it follows the southern and southeastern coast (Fig. 25).

Thus the permafrost area in the northern hemlsphere covers considerable
portlions of the Eurasian and North American continents, the large islands
Greenland and Iceland, and the islands 1n the Arctic Ocean,

Outside of this area only sporadic permafrost (large or small islands of
permafrost) 18 encountered in high mountain systems. These permafrost islands
owe thelr existence to the elevation and the peculiarities of heat exchange in
the free atmosphere. On the Eurasian continent such pernafrost islands are
located in the Alps and Pyrenees 1n western Europe, in the Scandinavian
mountains between the latitude 60°N and the Arctic Circle in northern Europe,
in eastern Europe* in the Urals (on Iremel! peak) in the Great and Little
Caucasus; on Great Ararat in Asila Minor and on Elburz in Iran.

* The possibility of the exlstence of permafrost in the Carpathian Mountains
and on peaks of the Balkan Mountalns 18 not excluded.
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In Soviet central¥* Asla consilderable permafrost areas are located on the
Tarbagatay Mountains, in western Tien-Shan 1n the Pamir and 1in the Hindu Kush
range 1n Afphanistan, ‘

In Central Asia wlde areas of permafrost are sltuated 1in the eastern
parts of Tangshan in the Altyn Tagh, Nan-Shan and Kunlun ranges, in the
Himalayas, Szechwan Alps and also on the Tibetlan plateau,

In the Far East, permafrost i1slands can be found 1in the Sikhote Alin
-range, on high peaks of the North Korean mountains, on Fujlama in Japan, in
mountalns and in swamps on Sakhalin Island and on individual 1islands of the
Kuril Island chain.

In the western hemisphere, the occurrence of sporadic permafrost 1s
possible in some mountaln ranges in Mexico (Popocatepetl, Orizaba) and in the
North American Cordilleras and the Rockles.

Large permafrost 1s8lands are located in mountailn ranges 1in southern
Siberia and in the northern parts of Central Asla (Mongolia).

Although the permafrost areas 1in the mountain ranges of southern Siberia
and in the northern part of Central Asia (Mongolia) were included 1in the
contilnuous permafrost area of Eurasia they stand apart from it because of
topographlec pecullaritiles and the conditions of formation. In the above-
mentioned mountainas the altitude of the lower boundary of permafrost 1s ex-
tremely variable. Judging from calculations and from avallable observational
data the lower boundary of permafrost in middle latitude mountains under the
influence of moist ocean alr masses must be at a rather low altitude, possibly
between the 1800 and 2100 m (Scandinavian range). Under continental conditions
the elevation of this boundary is variable: 1in the Tien-Shan range (China) at
an altitude of about 2500 m, in the Turkestan and Pamir ranges at about 4200 -
4300 m and in Tibet at elevations ranging from 3700 to 5400 m.

Thus, the altitude of the lower permafrost boundary in mountains depends
on the peculilarities of the heat exchange i1n various regions of the Euraslan
continent. In mountain ranges influenced by molst oceanic air masses it
increases from north to south and in the direction of increasing continentality
of climate. In mountain ranges under continental climate thls incresase occurs
basically from north to south.

It must be pointed out that the wildespread belief 1n the colncidence of
the lower limits of permafrost and the permanent snow-line 1s erroneous
(Tumel', 19046). Investigations in the Altal and Pamir Mountains have shown
that the lower boundary of permafrost in mountains i1s at a lower altitude than

* Translator's note: Southwest projection of Soviet Asia.
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the permanent snow-line. TFor instance, in the Altal mountaln range the lower
boundary of permafrost 1is located at an altitude of 1000 - 1100 m as compared
to an altitude of 2300 -~ 3200 m for the permanent snow-line,

It has been established that the mean air temperature at the permanent
snow-1line 1s 1.5°C at the equator, +0.5°C on the southern slopes of the
Himalayas and about -2.8°C on the northern slopes; -3.9°C in the Karakorom
range, -4°C in the Alps, -6°C in the Turkestan range (and Pamir plateau) and
-11°C on hills of Novaya Zemlya.

Thus it can be concluded that the mean annual temperature and the alti-
tude of the permanent snow-line are not related directly and that the perman-
ent snow-line 1is not a reliable climatic index.

One may assume that the permafrost boundary in mountains in the tropical-
equatorial zone 1s located above the snow-line. Depending on the change of
climatological conditions with latitude, the elevation of the permafrost
boundary decreases with increasing latitude with respect to the elevation of
the snow-line. The permafrost boundary and zero 1sotherm intersect the snow-
line between the equator and the poles.

The altitude of the lower boundary of permafrost in mountains on the
North American continent has been determined by means of climatic data. It
rises along the Pacific coast from 75 m at the Gulf of Alaska to 2400 m at
latitude 50°N. Farther south 1t rises steadily to 5400 m in the Mexican
mountains at the latitude of the Tropic of Cancer. Along the eastern slope of
the Rockiles the elevation of the lower boundary of permafrost rises from 80 m
in the region of Great Bear Lake to 4600 m 1n the regilon of Mount Elbert
(39°N).

In the northern hemisphere the plotting of the southern boundary of
permafrost 1s based, to a great extent, on known laws governing 1its formation.
Actual survey data of sufficlent quantity to permit one to determine 1its exact
position are not yet available, even for the U.S.S.R.

Several Russlan cryologlsts have plotted the permafrost boundary as a
zonal belt south of which, without significant changes in natural conditions,
the formation of permafrost is not possible.

Iet us consider some theories concerning the nature of the conditional
boundary of the permafrost area. M.I. Sumgin (1937, 1940) considered that
this bouhdary could only be determined on the basis of actual observational
data. He was faced with a dilemma: whether to include numerous bordering
permafrost i1slands in the permafrost area, to leave them out and outline them
separately, or to outline the thawed areas within the permafrost area. M.I.
Sumgln used the first choice, 1.e. he drew the permafrost boundary along the
geographical position of the southernmost permafrost islands.
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M.X. Sumgin (1933) presenting the theory of the degradation and aggrada-
tion of the depth of permafrost was first to point out the dynamlcs of the
permafrost boundary. Later on (1937) he attached great importance to this
problem.

V.A. Kudryavtsev (1954} considered the permafrost boundary as an average
line coincident with the geographical position of the zero amplitude of long-
term annual bedrock temperature. According to his concept the permafrost
boundary 1s the axls of a zone of continuous and periodic shifting of perma-
frost from north to south and vice versa. In other words, according to
Kudryavtsev the southern boundary of permafrost is a transition zone from
seasonally frozen ground to permafrost. Such a boundary may be consldered
valid only for a certain time interval. This permits one to plot it on a
chart as a mean boundary of the transition zone. To detail the position of
this boundary he used the long-term mean ground temperature. This permafrost
boundary does not coinclde with the position of the zero isotherm of ground
temperature.

I.Ya. Baranov (1952) analysing the problem of the southern boundary of
permafrost arrives at the conclusion that the concept "southern boundary" has
not yet been satisfactorily established. According to our view, plotting of
the permafrost line-boundary has practical meaning only on small-scale review
éharts. The scale of such charts must not exceed 1 : 5,000,000. On large-
scale charts larger permafrost islands may be outlined or indicated by conven-
tional symbols. This would eliminate the necessity of drawing the conventional
line-boundary.

There are three possibillities of plotting a line-boundary depending on
how we define it,.

1. One may draw a line-boundary along the zero isotherm of long-term
annual soll temperature in typical physical-geographical regions. As a matter
of fact, the formation of permafrost begins at this point. It is obvious that
such a boundary may be called conditionally the geophysical boundary of the
permafrost area. This boundary reflects the relationship between the perma-
frost temperature and the contemporary heat exchange between the earth's crust
and the atmosphere. In the northern part of the Luropean U.S.S.R. this
boundary coincides with the transition zone from southern tundra to northern
tundra, in Western Siberia from forest tundra to southern tundra, in Mid-
Siberia from southern taiga to northern taiga, in the Trans-Baikal region and
in the Far EBast of the U.S.S.R. from forest steppes to vast Siberian forests.

The geophysical boundary of permafrost also encompasses the areas of
sporadic permafrost inasmuch as the latter are distributed among soils with a
positive mean annual temperature and owe their formation to some local
physical-geographical conditions.
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2. The permafrost boundary may be drawn along the most southerly limit
of permafrost i1slands which, independently of their lithologlcal composition,
remain stable during short period warmings of climate. Thils boundary,
considerably south of the geophysical boundary, may be called the latitude
zone and vertlcal zone or simply the physical-geographical boundary of
permafrost.

Unlike the geophysical boundary, the physical-geographical boundary of
the permafrost area in the western part of the U.S.S.R. (west of the Yenisel
River) 1includes permafrost islands 1n peat solls which are in the stage of
degradation. The same is also valid for the permafrost boundary 1n the sphere
of maritime influence east of Great Khingan range region. In the central part
of the permafrost area (in Mongolia and China) this boundary includes the
permafrost islands in mountains. Since the latter are situated in the region
characterized by the continental regime of the heat exchange between the earth
and the atmosphere, thils physical-geographical boundary 1s less dynamle with
time, thus, the physical-geographical boundary differs from the geophysical
boundary in that it includes in the continuous permafrost area the zone of
permafrost i1slands. On review charts with a scale of 1 : 5,000,000 and less
both boundaries may be indicated simultaneously.‘

3. For practical considerations the permafrost boundary may be plotted to
include areas where the formation of permafrost 1s probable but non-existent
at the present time because of certain factors (ground water, snow cover)
hindering its formations. This boundary will lie still farther south than
the physical-geographlical boundary, particularly in the region west of the
Yenisel River. In the central-continental part of the permafrost area this
boundary colncides with the physical-geographical boundary but takes a more
southerly position in the east (Sakhalin Island, Sikhote Alin range, Amur
lowland). This boundary may be called the possible or potential permafrost
boundary.

It can be seen from the above considerations that plotting the southern
boundary of the permafrost area 1s not only conditional with respect to 1ts
nature but also to its form and depends on the solution of a number of
assolicated problems of prime importance.

Taking 1into account the effect of humnan activities on the heat exchange
between the soll and the atmosphere, the physical-geographical boundary of the
permafrost 1is most important from the practical point of view. There is no
doubt about the dynamics of this boundary, however 1ts movement is relatively
s8low. Fluctuatlons in the position of this boundary are caused by considerable
changes in the character and conditions of the heat exchange between the soll
and the atmosphere in individual sectors and frequently simultaneously in the
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entire permafrost arca. Durlng rising or declilining levels of heat exchange,
conslderable variations take place in the permafrost area and 1ts depth.
However, short-lived varilations in the character and condlitlons of the heat
exXchange are incapable of shifting thls boundary.

Several papers have dealt with the plotting of the southern permafrost
boundary on the North Amerlcan contlnent. The boundaries known to us are
presented 1n Fig. 25.

let us now briefly review the pecullaritles of the distributlon and the
depth of the permafrost in the northern hemisphere. We shall first consider
the Buraslan continent.

According to A. Cajander (1902-1903), K. Rathjens and H. Weilssmann (1929),
Lapland 1s partly situated in the permafrost area. W. Bodmann's (1901-1903),
B. Hogbom's (1927) and W. Ule's {1922) observations show that permafrost
islands are encountered in northern Norway and northern Sweden, particularly
on the eastern slope of the Scandinavian ridge north of the Arctic Circle.
However, a number of permafrost 1slands are also located on slopes south of
the Arctic Circle. TFor instance, at Lynger (750 m above sea level) frozen
moralne layers up to 20 m thick have been encountered in mines. According to
P. Smith (Brattsev, 1940) hilly swamps at an altitude of 800 - 900 m have been
discovered in northern Sweden.

Simlilarity of physilcal-~geographical condilitions in Fenno-Scandla and the
Kola Peninsula suggests the exlstence of permafrost 1in northern Finland
(Baranov, 1953).

In the U.S5.S5.R. permafrost areas are located in the tundra zone, in forest
tundra and partly in the sub-zones of the northern Siberian forest, The dis-
tribution of the permafrost changes from west to east and from southwest to
northeast.

Permafrost 1s encountered in limited areas on the Kola Peninsula. In
the western part of the peninsula it 18 limited to peat soils, in the eastern
part to glacial and alluvial clay and sandy clay soils, less frequently to
sandy solls. The depth of permafrost 18 about 20 - 25 m. Crystalline and
bmetamorphic s0l1ll structures favour permafrost development in the Lovozersk
highlands and in some other "tundras" as well as in the southeastern part of
the Kiev highlands.

In the tundra and coniferous forest zone between the White Sea and the
Ural range, permafrost has also a patchy distribution. Only in the northern
portion of the Bol'shezemellslk tundra do the permafrost i1slands form a more or
less contlnuous area separated by taliks in river valleys, lake basins and in
water-rich tectonlc depressions. Within the northern part of the tundra zone,
tine thlckness of permafrost increases sharply. In the vicinity of the village
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of Amderm it evidently reaches a thickness of 285 m in contrast to 25 to 30 m
in areas of infrequent permafrost islands. A temperature drop and increasing
thickness of permafrost are observed 1n crossing from the southern hillock
tundra to the northern spotted tundra.

In the Ural region the boundary of the area containing permafrost islands
shifts considerably southward.

In the northern forest zone of Western Siberilia where the snow cover is
relatively deep (60 - 90 cm and more), the zone of permafrost islands is very
wlde. The transition zone from sporadic to almost continuous permafrost
coincides with the northern boundary of the coniferous forest and 18 accom-
panied by a sharp increase in the thickness of permafrost (Popov, 1953). For
instance, the thickness of sporadlc permafrost within the coniferous forest
zone 13 at most 25 - 30 m as compared locally to a thickness of 200 m in the
forest tundra and 400 m in the tundra.

The thickness of sporadic permafrost in the western Cis-Baikal region
(1in the southern part of Mid-Siberia) locally reaches 35 - 40 m and exceeds
this depth in the eastern Cis-Baikal.

In the central part of the Mid-Siberilan plateau the permafrost 1s sporadic
In the southern portion and continuous in the north. Taliks under river
channels, lakes and at springs of subterranean water are characteristic of this
region. In the zonal section of the Nizhnaya Tunguska River valley the
thickness of permafrost exceeds 100 m.

In the Taymyr depression, taliks are possible under large river channels
and lakes. The thickness of permafrost reaches 400 m on the Taymyr peninsula
and 450 - 500 m in the lowland of the Khatanga River.

In the most continental part of Siberia, namely in the steppes east of
Lake Bailkal, permafrost 1s encountered only in certain places. In contrast to
the central part of Western Silberia the permafrost i1slands are confined to
valleys, basins and northern slopes of mountailns usually overgrown with forest.
The southern slopes of mountains are characterized by taliks owing to higher
solar insolation on these slopes, springs of ground water or by shallow bed-
rock. Here the thickness of permafrost varies from 10 to 25 - 30 m.

The greatest thickness and the lowest temperatures of permafrost occur in
river valleys, o0ld lava beds and on the northern slopes of mountains. The
effect of altitude on permafrost development 1s apparent above the temperature
inversion layer. In the vicinity of the clty of Chita the inversion extends
to an altltude of 1000 m. Above this level to approximately 2500 m the effect
of altitude decreases gradually.

Frequent taliks separating frozen areas are confined to southern slopes
of mountains, valley and basin sections characterized by surface run-off,
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lakes, water-rich tectonic depressions and springs of subterranean water. A
sharp increase 1n the thickness of permafrost is noted in the castern part of
the transitlion zone from steppe zone to coniferous forest zone.

The greatest thickness of permafrost (up to 200 m) may be encountered in
the area between the Vitim and Olekma Rivers. Th. possibllity of the exlstence
of a greater thickness of residual permafrost in ancient valleys is not
excluded.

The distribution of permafrost on the central Yakutsk plains differs in
that the southern mountain type permafrost changes to a type characteristic to
plains and low plateaus. In the south the permafrost layer 1s interspersed by
taliks under channels of large and medium rivers, under lakes and at springs
of subterranean water. The thlckness of permafrost variles from 200 to 500 m.

In northern Yakutia permafrost is considerably thicker and the temperature
lower than i1n central Yakutsk. The number of tallks 1s smaller and they are
only found under channels of larger rivers or under deep and large lakes and
at larger wells of subterrancan water.

The permafrost acquires its greatest thickness of 500 - 600 m near the
coast of the Arctic Ocean,

In Far East and in Northeastern Siberilia the distribution of permafrost is
as follows:

South, in the region weet of the Amur River and 1n the Sikhote Alin
mountain range the permafrost 1s sporadic and over large areas 1in the foot-
hillls of the Stanova range and in the Burelnsk range intersected by numerous
taliks. Up to the latitude of the Junction of the Maya and Aldan Rivers the
distribution of permafrost 1s similar to that of the middle and northern
districts of the reglon cast of Lake Baikal, i.e. the permafrost occurs in
separated areas and tallks are observed in valleys and in low watershed
divides.

The heat exchange between the soll and the atmosphere near the ridge line
of Gydan range, partlcularly on 1ts southeastern slope 1s determined, to a
conslderable extent, by the influences of the Pacific and the Okhotsk Sea
vhich give a relatively high air temperature and a deep snow cover. The
thickness of permafrost reaches the 100 to 200 m mark.

In the Verkhoyanks-Kolyma region the thickness and areal extent of perma-
frost increases considerably and 1ts temperature decreases as the result of
the diminishing solar radilation and the general increase in the continentality
of the climate. Tallks are confined to large rivers and to aquifer zones of
tectonic depressions which in conJunction with the geotectonic age of the
area, play an important part. The thickness of permafrost in the mountains of
the Oymyakonsk basin increases to 300 - 400 m.
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Farther north in the Kolyma-Indigirka plains, the permafrost area 1s
broken up by numerous lakes and large rivers (Yana, Indigirka, Kolyma, etc.).
The maximum thickness of permafrost in this region is probably 300 - 400 m.

Only sporadic permafrost occurs on the Kamchatka Peninsula. The thick-
ness of permafrost islands is small: 25 - 30 m. The thickness of permafrost
1slands exceeds this value only on sunmits of volcanlc mounds and on mountains
having a small seasonal snow depth,

In the Koryak mountainous country and in the Anadyr plailns permafrost
100 - 150 m thick 1s intersected by numerous taliks. On the Chukhotsk
Peninsula the number of taliks decreases somevhat and the thickness of perma-
frost increases to 200 - 500 m.

In the mountainous regions of southern Siberila the distribution of
permafrost 1s determined by the elevation and peculiarities of the heat ex-
change characteristic for the continental regions of middle latitudes. Here,
in contrast to adjoining plains, the permafrost 1s wldesprecad, deep and
distributed non-zonally.

Geocryological belts wilth an evident asymmetry resulting from the non-
uniform amounts of solar radlation received by slopes are characteristic for
the Altal and Sayan ridges. On the highest peaks of these mountains having
thin snow cover the thickness of permafrost may reach some 200 to 300 metres
under winter anticyclonic conditions. The measured thickness of permafrost in
eastern Sayan (at an elevation of 1700 - 1800 m) 1s 170 - 180 m and in the
Altal range 170 m (at an elevation of 3300 m).

Data on the distribution of permafrost in low latitude mountalns are very
scarce. In a vast literature on the polygonal solls in the Alps of France and
Switzerland reference 1s made to the existence of frozen sublayers (Henkel,
1911; Allix, 1923; Gilgroux, 1931; Kintzl, 1928). Other references indicate
the presence of ice crystals in ash and lava layers on the slopes of volcanoes
in Sicily (Etna, elevation 3274 mi), Kamchatka, Andes and Tierra del Fuego.

In the Caucasus where the mountain ridges frequently reach 3500 m and
individual peaks 5000 m (El'brus 5633 m, Kasbek 5047 m) and where the snow-
line occurs at 3700 - 7900 m, permafrost 1s not limited only to the El'brus
and Kazbek peaks. Judglng from the 1ce cover the total area of permafrost in
the Caucasus Mountains may be as great as 2000 km?. While the occurence of
sporadlc permafrost in the Little Caucasus range (Alagez, Little Ararat) and
Zangezursk range 1s only possible its existence on the Great Ararat (altitude
5156 m) 1s beyond any doubt.

Owing to the contlnental climate the altitude of the permanent snow-line
in Central Asia (on Gissar, Turkestan, Télas, Kirgiz, Kungee, Zallysk mountain
peaks) 1s rather hipgh, 3000 - 3600 m. In the regilon of Kara-kul' Lake 1t is
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located at 11500 - 4800 m and 1in the southern chaln of the Pamir Mountains at
an altitude of 5000 - 5200 m.

Calculations locate the lower boundary of permafrost on the Turkestan
ridge and the Pamir platcau at an elevation of 4000 - 4300 m. From this it is
evident that permafrost 1s rather wldespread in the Soviet central Asian
mountalns, particularly in the Pamirs. This 1s also verified by investigations
and road construction 1n these regions.

In the western Kunlun Mountains near longitude 82°E the snow-line on the
northern slope is at 4900 m, on the southern slope at 5200 m. In the middle
part of the Kunlun Mountains from 82 to 106°E the snow-line is situated at
5100 - 5250 m, whereas 1ts altitude on the Tanglha range 1s 6000 m.

The snow-line on the northern slopes of the Himalayas 1is at 5300 m and on
the southern slopes at 4000 m. The mean altitude of the Great Himalayas is
about 6000 m. Between the 4000 m and 6000 m levels the mean alr temperature
varies in summer months from +4 to -6°C. This indicates that the existence of
permafrost 1s possilble in this mountain system.

The Tibetan plateau has a mean elevation of 4000 - 5000 m. One must
assume that the permafrost 1s rather wildespread 1h the surrounding mountain
ranges to the north, south and west, In the northern reglons permafrost occurs
because of the high elevation of the terraln and the general severilty of the
climate in Central Asla; to the south in the Himalayas and to the west in the
Karakoram Mountains owing to their high elevation. In the western half of the
Tibetan plateau permafrost 1s evidently wide spread in ridges where the eleva-
tion exceeds 4000 - 5000 m. One would expect permafrost in the form of nearly
parallel bands unified into a contlnuous area only in the west.

According to Sven Heddin (1899), solifluction is widespread in many parts
of the Tibetan plateau. This 1s an indirect indication of the presence of
permafrost there. Numerous polygonal formations were observed in moraine
ridges near the Roebuck Glacler at an altitude of 5182 m. Their presence must
be explained by the existence of a relatively shallow layer of frozen subsoll.

Data showing the distribution of permafrost on the North American conti-
nent are not uniform over the area involved. They are most numerous for
southern Canada and Alaska but nearly absent for northern Canada.

According to S. Taber (1930), of the total area of Alaska of 1,519,000
km?, the northern zone of almost contilnuous permafrost occupies 800,000 km?
(52.7%), the middle zone with numerous taliks 190,000 km? (12.5%), and the
southern zone of sporadic permafrost 210,000 km? (21%). It must be noted that
the above data are approximate.

The sporadic permafrost 1s limited to coastal areas of the Bering Sea
{from Norton Bay southward), the southern slopes of the Alaska range and the
Nutzotin Mountains (near the Canadian border).
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The boundary of the northern, almost contlnuous, permafrost zone runs
from the middle of Kotzebue Bay to the Mackenzle River mouth. A large part
of Alaska 1s covered by the middle permafrost zone which encompasses the
central and lower Yukon River basin. The boundary of this zone presented by
P. Smith (19%0) and R. Black (1954) does not differ significantly from that of
Taber (1930).

The permafrost depth in Alaska increases from south to north and from
southwest to northeast. In the vicinity of Keno Hill (Canada) permafrost is
encountered in the mining pits all the way down to 110 - 122 m. According to
drill holes the thickness of permafrost on Point Simpson (about 100 km east of
Point Barrow) is 314 m (Black, 1954).

According to S. Taber the thickness of permafrost 1n the Kennecott copper
mines exceeds 150 m and 1s locally 180 and even 270 m.

From the temperature measurements at a location 40 km southwest of Point
Barrow (MacCarthy, 1914) it 1s estimated that the thickness of permafrost in
northeastern Alaska may reach 450 m (the temperature of frozen ground at a
depth of 30 m, -9°C; the vertical temperature gradient, 2.1°C/100 m).
According to R, Black the permafrost temperature at Point Barrow at a depth of
30 m 1s -5.5°C. With the vertical temperature gradient equal to 2.8°C/100 m
this gives a permafrost thickness of 396 m,

R. Black, using permafrost temperatures at the 30 m depth, estlimates the
thickness of permafrost in Alaska to be 240 - 360 m in the northern zone
(temperature from -5 to -10°C), 60 - 120 m in the middle permafrost with talik
zones (temperature from -1 to -5°C) and less than 30 m in the southern sporadic
permafrost zone (temperature above -1°C). According to Black and MacCarthy
the vertical temperature gradient in permafrost in the latter zone 1s 24 - 66
m/deg. In the far north of Alaska in the polygonial tundra zone it is 15 m/
deg. Our view 1s that the latter temperature gradient requires further
verification,

Permafrost 18 also widespread in Canada. According to an approximate
calculation it covers 5.7 million km?. The islands of the Arctic Archipelago
with a total area of 1.7 million km®? are i1ncluded in this area. Data on the
permafrost distribution in Canada beling based on random sampling are not very
relilable. It suffices to say that a paper by L. Jenness (1949) 1ists only 45
localities where the permafrost depth has been measured.

The southern boundary of permafrost in Canada was plotted for the first
time by the Russian academician K.E. Baer (1855). More recent boundaries by
L.A. Brattsev and Jenness are shown in Fig. 25. The boundary presented by
Jenness 18 extremely approximate. It incorrectly outlines the zone of large
permafrost areas and excludes part of the sporadic permafrost zone. The
boundary of L.A. Brattsev (1940) is more reliable.
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The permafrost boundary in Fig, 26 has been based on observational data.
It has also been verified by our calculations which were based on methods
used to determine the permafrost boundary on the territory of the U.S.S.R.
Judging from the physical-geographical conditions of Canada, the permafrost
boundary encompasses southern sections of frozen peat solls in the central and
eastern parts and sections of frozen mineral solls 1n the northwestern part.

These data on permafrost thickness refer basically to the southern
borderland of the permafrost area. The greatest depth of permafroat should
occur in northwestern Canada. According to Varnick (Brattsev, 1940), the
frozen ground on Fero-Gulch Mountain* (elevation about 1600 m) near Dawson
continued down to a depth of 120 m without reaching the thawed strata. The
same thickness of permafrost has also been encountered 1n other mine pilts.

According to our calculatlions, on the North American continent the
boundary of the zone of large permafrost areas 1ntersected by few tallks
extends from the Brooks range in northern Alaska, through the Mackenzle River
delta to the southern coast of Amundsen Gulf where 1t turns south to reach
Hudson Bay at Eskimo Polnt. On the east coast of Hudson Bay 1t follows the
60°C parallel to Nachvak Fjord (58 - 59°N) on the coast of Labrador. This
boundary coilncides locaily with the southern boundary of the tundra, and in
continental reglons, with the southern boundary of the forest tundra.

The permafrost may be thilckest on Baffin Island, Ellesmere Island and
Boothla Peninsula, i.e. north and northeast of Hudson Bay (north of latitude
70°). ‘
There 1s the possibllity that permafrost exists under shallow and narrow
bays and stralts. W. Parry (1821) has observed ice formations growing out of
the sea bottom in many places 1n this part of the archipelago which bears his
name., In Fig. 26 the outlines of permafrost islands in the Rockles and
Cordilleras indicate the lowest altitude of the permafrost boundary as deter-
mined by our calculations. On high peaks of the Sierra Navada range (Dana,
Ritter, Longley) this boundary 1is at 3300 m in the southern part and at 3300 m
in the north.

On peaks of the southern Rockies 1solated areas of permanent snow are
observed. Computations indicate that in these areas the lower permafrost
boundary 1s 4000 m, while the highest peaks reach an altitude of 4396 m
(Elbert Mountain peak). S. Weiser (1875) has discovered permafrost islands in
the vicinity of this peak. Our computatlons agree with the actual observatilons
here.

* Translator's note: Cannot identify.
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In Canada the absolute altitude of the lower boundary of permafrost in
the Rockies increases from 300 m 1n the north to 2400 m in the south at the
Canada-U.S.A. border. The gltitude of the permanent snow-line 1ncreases from
660 m 1n the north to 2300 - 3000 m 1n the south,

Greenland occuples a speclal place among the permafrost areas in the
northern hemisphere. Taking into account that the average thickness of
Greenland glaclers is 2100 m and the maximum more than 3000 m, and that they
are in a moblle state, one can assume that the earth crust under the glaciler
wlll be unfrozen. However, 1f the freezing of the lithosphere preceded the
glaclatlon the temperature of the frozen depth must have reached equilibrium
with the new temperature regime of the bottom of the glacler.

Consldering that the annual minimum temperature of the alr at the hilghest
point of the glaciler* 1is -32°C (Wegener) and that the ice temperature at the
level of zero annual amplitude 1s -30°C, the depth of the "colder" part of the
glacler (when a vertlcal temperature gradient of 2.5 - 3.3.°C for ice 1s
applied), without corrections for the statlc and dynamic pressures of the ice
mass, may be estimated at 900 - 1200 m. Below fthese depths, in the "warm"
part of the glacler, a uniform temperature of 0°C 'must prevall.

From this 1t must be admlitted that favourable conditions exlst for the
formation of permafrost in the lce-free coastal zone of Greenland. The area
of this zone is approximately 340,000 km as compared to the total area of
Greenland of 1,670,000 km=.

Apart from the coastal zone, permafrost seems to exist where the depth of
stagnant ice cover 1is less than 900 m. R. Black (1954) and others suggest
that the thickness of permafrost under glaclers in Greenland, Iceland,
Antarctica and other places 1s several hundred metres. In our opilnion this
suggestilon can hardly be proven from the geophyslcal considerations.

One may assume from climatic data that southwestern Greenland, where the
mean annual temperature 1s around 0°C or somewhat higher (settlements of
Ivigtut, Godthaab and Angmagssalik), 1s free of permafrost.

The high latitude of Iceland (73 - 66°N) creates favourable conditions
not only for the glaclatlion but also for the freezing of the lithosphere.
According to G. Poser (1932), seasonal thawing of soill to a depth of 0.4 m is
observed in August at Djungfell (in northeastern Iceland). In the eastern
part of the island and in the vicinity of Akureyri (northern Iceland) and
Reykjavik, polygonal solls and solifluction are encountered. According to
Spethmann (1912) ice mounds and subterranean ice at different depths are noted

* At a? altitude of 3300 m in central Greenland in 1930 - 1931 (Kalesnik,
1939).
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in many parts of Iceland, In the northernmost reglons the permafrost may be
found at a depth of 1 - 1.5 m, It must be assumed that it 1s wldespread on
this island particularly in the hilly sections.

Numerous observational data indicate that permafrost 1s present everyvhere
in Spitzbergen. Its depth at Barentsburg¥* is 300 m or more with the lowest
temperature of -5°C (Zenkov, 1937). One must assume that permafrost is
inconparably deeper and 1its temperature lower in the northern part of West
Spitzbergen Island and in the “"Northeast Land” island. This of course refers
to areas free of 1ce cover.

Judging from thelr natural conditilons the remaining arctic 1slands are
characterized by thinner permafrost than the nearby sections of continents.
This 18 due to the warming influence of the ocean.

The region of the continental shelf bordering the northern shore of
Siberia 1s of particular interest. Seasonal freezing of bottom sedimentations
18 noted in 1its shallow sections. In recently submerged sections permafrost
with year round temperatures below Q°C 1s observed under the water.

From the geocryological polnt of view polar regions of the southern
hemisphere have hardly been explored, The climatic conditions in southern
polar regions are more severe, with colder winters and cooler summers than in
the Arctic lands. The mean annual air temperature in central Antarctica is
below -50°C. Although the coastal areas of the continent are considerably
warmer than the central parts, conditions even at sea level (annual mean air
temperature of -8 to -10°C) favour the existence of “"permanent" snow and ice.

In the Antarctic, permafrost 1s limited to areas where the earth's
surface 1s covered by seasonal (Bunger oasis and others) or perennial snow
cover and by a "cold" ice sheet having a temperature below 0°C at the base,
The oases are known as 'nunataks". The thickness of the ice sheet in the
Antarctic exceeds 2000 m in some places. Where the ice sheet of this thick-
ness 1s 1n motion permafrost may be absent under 1t.

One of the peculiarities of the Antarctic ice sheet i1s that its upper
part consists of snow and firn (névé) whereas pure lce occurs at a conslderable
depth. For this reason the geothermlc conditions in the Antarctic 1ce sheet
are somewhat different from the Greenland 1ce sheet. In the Antarctic the
"cold" part of the ice sheet must be thicker than in Greenland. A mobille ice
sheet with a depth of less than 900 m cannot prevent deep freezing of the
lithosphere.

* Translatort!s note: Russian coal-mining settlement.
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According to a tentative report by P.A. Shumskil on the sclentific
results of the Intercontinental Team of the Soviet Antarctic Expedition from
February 7 to March 7, 1957, the 1ce sheet 1n the eastern Antarctic consist of
islands of very thick 1ce. The mean annual temperature of 1ce at the level of
zero annual amplitude reaches -15°C at a point (elevation 857 m) 55 km from
Mirnyl (base of the expedition) and -27.6°C at a point (elevation 1714 m)

150 km from Mirnyl. Measurements in bore-holes indicate that the temperature
decreases with depth., P.A. Shumskil explains this by the inflow of "cold" ice
from the central glacilers.

Outside of the Antarctic permafrost may exist in the southern hemisphere
in the following regions: 1n South America, in Tierra del Fuego, on the
Falkland Islands, on Kerguelen and Heard Islands (in the Indian Ocean) and on
South Island of New Zealand.

According to C. Darwin (1871) describing a round-the-world voyage,
permafrost seems to exlist on the Sandwich and Shetland Islands. According to
F. Cooke Sandwich Island was covered by a layer of permanent snow and ice
several sazhen'* deep. On the South Shetland Islands the earth's crust con-
sists of intermittent layers of ice and volcanic ash.

In Tierra del Fuego layers of cold lava and volcanic ash alternate with
layers of ice (Brattsev, 1940). This permafrost structure extends to a con-
siderable depth and is the result of numerous burilals of accumulated snow by
volcanlc dust ejected during volcano eruptions, Similar conditions are also
observed on the Kamchatka Penilnsula.

Previous remarks on the relationship between altitudes of the permanent
snow-line and the lower boundafy of permafrost in mountains are the basis for
investligations of permafrost in the mountains of South America.

In the Slerra Nevada de Santa Marta mountain range of Colombla where
peaks rise to 5100 m and where the permanent snow-line 1s at 4600 - 4700 m,
permafrost should not occur because of the positive mean annual air and soil
temperature regime.

In Chile, Argentine and in the Peruvian Andes (from 17 - 27°S) the
permanent snow-line 18 located at an altitude of 5000 - 6100 m. The lower
boundary of permafrost seems to be at this altitude as well.

In the Chilean Andes the permanent snow-line, at an altitude of 1700 m,
1s below the lower boundary of the permafrost because of the large amounts of
precipitation (up to 3000 mm per year).

In the Magellan Strailt region the permanent snow-line drops to an
altitude of 1200 m and in Tilerra del Fuego to 500 m.

* Translator's note: An o0ld Russian unit of length = 7 feet,



26~

Taking into account the considerable altitude of mountain peaks which in
many cases exceed the calculated altitudes of the lower boundary of permafrost,
there is no doubt that the latter exists on a number of peaks. This 1s also
verified by Humboldt and Boltza (Brattsev, 1940).

In the region of Chimborozo peak (in northern South America) 1t has been
established that huge ice masses exist under the mellow sandy soils below the
permancnt snow-line.

Our calculations on the altitudes of the lower boundary of permafrost on
the South American continent are given in Table XII,

Since many peaks are higher than the computed altitudes of the lower
boundary of permafrost, the existence of permafrost on other low latitude
mountain peaks 1s beyond any doubt.

Outside the South American continent permafrost can occur on the South
Island of New Zealand. In particular, small permafrost lslands may be located
in Cooke Mountain (altitude 3768 m). The permanent snow-line on its north-
western slope 1s at an altitude of 1850 - 2100 m, on 1ts southeastern slope
2300 - 2400 m. At the latitude of Cooke peak (43°S) i1t may be assumed that
the lower boundary of permafrost would be at an q1titude of 3000 m.

Permafrost 1is also possible on 6010 m Kilimanjaro Mountain (central
Africa). According to our calculations conditions are favourable for the
exlistence of permafrost above 5200 m. Ice formations have been observed on
the peak of this mountain (Klute, 1920).

The Surface Area of Permafrost in the U.S.S.R. and on the Globe

The surface area of permafrost in the U.S.S.R. has been calculated by
several authors. The accuracy of these calculations i1s relative since it
depends on the reliability of latitudinal and altitudinal boundaries of perma-
frost.

The first estimate of the surface area of permafrost in the U.S.S.R. was
made by N.S. Bogdanov (1912). He arrived at an approximate figure of 7,000,000
square versts*,

M.I. Sumgin (1927) estimated the surface extent of permafrost at 7,000,000
km?,

In 1930 N.N. ILebedev under the direction of M.I. Sumgin, recalculated the
surface area of permafrost within M.I. Sumgin's permafrost boundary (plotted
on a chart with a scale of 1 : 4,000,000). He arrived at a value of

* Translator's note: A verst was an old Russian unit of length equal to
1.609 km or 1 statute mile.
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9,657,960 km , which also included the permafrost area on Novaya-Zemlya.

M.I. Sumgin (1937) taking into account the frozen ground in the Pamir
estimates the total surface area of permafrost in the U.S.S.R. to be approxi-
mately 10 million km?, 1.e. about 43% of the total area of the U.S.S.R.

(23.2 million m?).

In 1949 N,I. Egorov (1952) calculated the permafrost area from V.F,
Tumel's (1945) permafrost map and obtained a value of 10,767,000 km? (48.1%
of the area of the U.S.S.R.). This area included the arctic 1slands.
According to V.A. Kudryavtsev's (1954) permafrost map, the permafrost area in
the U.S.S.R. is 10,609,900 km?2.

Tumel's and Kudryavtsev's permafrost maps have also been used to estimate
temperature zones of the permafrost. The results are presented in Table XIII.
In 1954, N.I. Gul'nev using the permafrost boundary of I.Ya. Baranov

(1950, 1952) calculated the permafrost area in the U.S.S.R. He obtained a
value of 11,115,000 km?, which constitutes 49.7% of the total area of the
U.S.S.R. Simultaneously he also calculated the areas of permafrost 1n various
physical-geographical zones. The results of these calculations are presented
in Table XIV.

Table XIV indicates clearly that the distribution of permafrost is non-
zonal and that it depends on a number of physical-geographical and geological
conditions. Most of the permafrost area lies in the boreal zone mainly east
of the Yenilsel River. 1In regions of oceanic 1nfluence the permafrost area 1is
rather limited. Our computatlons emphasize the effect of the continentality
of climate and the altitude of the terrain on the heat exchange between the
atmosphere and the lithosphere.

At the same time the extent of permafrost in the territories of the
Mongolian and Chinese People's Republics adjoining Siberia was calculated.

In the Mongolian People's Republic the permafrost area amounts to 846,000 km?,
in northeastern China to 427,000 km?Z.

A rough estlmate of permafrost distribution on the globe gives the
following values¥*,

* Tt must be pointed out that areas with sporadic permafrost and areas under
lce sheets have been included in these values, The permafrost area under
lce sheets 1s not yet known exactly and cannot therefore be taken into
account separately.
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1. Northern Hemlsphere 2. Southern Hemisphere
U.S.5.R. v.eeeuvn.. 11 million km? Antarctica ..... 13.5(?) million km?
Mongolian People's Total for both

Republic ....... 0.8 " ! hemispheres 34.5 million km?

China (without
Tibet) .vevvee.. 0.4 " "

North American

continent:
§a; Alaska ....... 1.5 n "
b) Canada ....... 5.7 " "
Greenland ......... 1.6(2) v "

21.0 million km?

It follows from the above data that permafrost occuples up to 23% of the
toal land area of both hemispheres (149.0 million km?2).

These data may change significantly 1f 1t 1s shown that permafrost does
not exist under the ice sheets of Greenland and the Antarctic, or 1s of
limited extent.

Permafrost areas in Tibet, the Himalayas, Hindu Kush, Iceland, northern
Scandlnavia, the Alps and the individual permafrost 1slands in the Cordilleras
on the North and South Amerlcan continents were excluded since they are
difficult to estimate. Nevertheless this total area of permafrost must be
conslidered as the possible maximum area.

R. Black's data on the distributlion of permafrost are presented in
Table XV.

According to Black permafrost occuples about 22% of the land area in the
northern hemisphere (99.33 million km?) and up to 27% of the land area in the
southern hemisphere (47.9 million km?). Permafrost occupiles about 24% of the
total land area of the earth. The permafrost area in mountains constitutes
about 2% of the total. ‘

In view of Black's ideas on permafrost formation in Greenland and Alaska
his data must also be consldered conditional. It is probable that in the
future when permafrost boundaries are more exactly determlned these wvalues of
permafrost areas, particularly 1in the southern hemisphere, may be reduced
considerably.
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Table XII

Computed altitudes of the lower boundary of permafrost
on the South American contilnent

Latitude (deg) 0 20 35 43 5k

Altitude (metres)| 5800| 5400 - 5500) 3900} 2700| 900 - 1000

Table XIII

Areas of varlous temperature zones of permafrost in the U.S.S.R,

According to According to
" ]
Permafrost temperatur? ag V.F. Tumel V.A. Kudryavtsev
the depth of 5 - 10 m (°C £ total %4 of total
Area, Jon? 7 oareg 2 Area, Jm® | © Oareg 2
From O to -1 ............ 3,428,500 31.6 2,066,100 19.5
From =1 to =% ,....cce.... 1,603,500 14,9 1,642,950 15.5
From =3 to =5 ... ... 1,406,100 15.1 2,477,550 23.3
From -5 to =10...0cuveun.. 3,919, 400 36,4 3,275,100 30.9
Below ~10 ..veuivrnvarenens 409,500 3.6 1,148,200 10.8
Total permafrost area in
the U.S.S.R. civevavensas 10,767,000 100 10,609,900 100
Percent of the total area
of the U,5,S.R. ......... 48.1 - hr.4 -
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Table XIV

The areas of permafrost 1n varilous
physical-geographical regions

Percent of the

Zone Area, km? | total permafrost
area
H11lly tundra 1,486, 000* 13.4
Tundra 1,570,000 14.1
Forest tundra 261, 000 2.4
Forest zone 7,308,000 65.8
Forest steppe 153, 000 1.4
Steppe 276,000 2.1
Desert 40, 000 4.0

* Of the hilly tundra permafrost area,
1,340,000 km? (including arctic islands
with an area of 727,000 kxm?) lies north of
latitude 60°N and 146,000 km? south of it.

Table XV

Area of permafrost on the globe (in million km?)
according to R. Black (1954)

North Horthern ) Total
Zones Eurasia America | hemisphere Antarctica ot
Continuous permafrost ... 3.66 3.89 7.56 12.98 20.53
Continuous permafrost . _ .
with talik islands ..... 3.66 .60 7.22 - 7.;2
Permafrost islands ...... 3.76 3.U6% 7.22 - 7.
Total ........ 11.08 11.01 22.09 12.98 35.05

* Including 0.23 in the U.S.A.
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Fig. 25

The southern boundary of the permnafrost on the
North American continent according
to various authors

1 - D. Jenness, 1948; 2 - K. Nikiforova, 1928;
3 . Andre, 1913; 4 - L.A. DBrattsev, 1940
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Fig. 26

Distribution of permafrost (shaded areas)
on the North American continent
according to I.Ya. Baranov (1954)




