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PREFACE 

Dr. Pobert W. Gerdel, who wrote this introduction to the environment of the cold 
regions, was for many years the Chief of the Branch of Climate, md Environmental 
Research at  CRREL and one of i ts  predecessors, SIPRE. He is now retired from 
Government service but remains active a s  a Consultant. 

This monograph was published under DA Project lT062112A130, Cold Regions 
Research - Applied Research and Engineering. 
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EDITOR'S FOREWORD 

Cold Regions Science and Engineering consists of a series of monographs written 
by specidista to summarize existing knowledge and provide selected references on the cold 
regions, defined here as those areas of the earth where operational difficulties dne to 
freezing temperatures may occur. 

Sections of the work are being published as  they become ready, not necessarily in 
numerical order but fitting into this plan. which may be amended as the work proceeds: 

I. Environment 

A. General - Characteristics of the cold regions 
1, Selected aspects of geology and physiography of the cold regions 
2. Permafrost (Perennially frozen ground) 
3. Climatology 

a. Climatology of the cold regions. Introduction, and Northern 
Hemisphere I. 

b. Climatology of the cold regions. Northern Hemisphere, 11. 
c. Climatology of the cold regions. Southern Hemisphere. 
d. Radioactive fallout in northern regions. 

4. Vegetation 
a. Patterns of vegetation in cold regions 
b. Regional descriptions of vegetation in cold regions 
c. Utilization of vegetation in cold regions 

B. Regional 
1. The Antarctic ice sheet 
2. The Greenland ice sheet 

II. Physical Science 

A. Geophysics 
1, Heat exchange at the ground surface 
2. Exploration geophysics in cold regions 

a. Seismic exploration in cold regions 
b. Electrical, magnetic and gravimetric exploration in  cold regions 

B. Physics and mechanics of snow as a material 
C. Physics and mechanics of ice 

1. Snow and ice on the earth's surface 
2. Ice as  a material 

a. Physics of ice as a material 
b. Mechanics of ice as a material 

3. The mechanical properties of sea ice 
4. Mechanics of a floating ice sheet 

D. Physics and mechanics of frozen ground 
1. The freezing process and mechanics of frozen ground 
2. The physics of water and ice in soil 
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III. Engineering 

A. Snow engineering 
1. Properties of snow 
2. Construction 

a. Methods of building on permanent snowfields 
b. investigation and exploitation of snowfield sites 
c. Foundations and subsurface structures in snow 
d. Utilities on permanent snowfields 
e. Snow roads and runways 

3. Technology 
a. Explosions and snow 
b. Snow removal and ice control 
c. Blowing snow 
d. Avalanches 

4. Oversnow transport 
B. Ice engineering 

1. River-ice engineering 
a. Winter regime of rivers and lakes 
b. Ice pressure on structures 

2. Drilling and excavation in ice 
3. Roads and runways on ice 

C. Frozen ground engineering 
1. Site exploration and excavation in frozen ground 
2. Buildings on frozen ground 
3. Roads, railroads and airfields in cold regions 
4. Foundations of structures in cold regions 
5. Sanitary engineering 

a. Water supply in cold regions 
b. Sewerage, and sewage disposal in cold regions 

6. Artificial ground-freezing for construction 
D. General 

1. Cold-weather construction 
2. Materials at low temperatures 
3. Icings 

IV. Remote Sensing 

A. Systems of remote sensing 
B. Techniques of image analysis in remote sensing 
C. Application of remote sensing to cold regions 

F.J. SANGER 



CHARACTERISTICS OF THE COLD REGIONS 

by 

Robert W. Gerdel 

INTRODUCTION 

With the exception of the Antarcticcontinent and the extreme southern tip of South America, 
both largely uninhabited and at least presently of little economic importance, the cold regions of 
the Southern Hemisphere are oceanic. For that reason, this monograph i s  devoted primarily to a 
comprehensive review of the cold regions of the Northern Hemisphere. 

Northward expansion of the civil economy and military activities has created a need for 
readily available information on the climatology, physical characteristics and properties of the 
concomitant materials of the cold regions of the earth. The stresses imposed by a cold regions 
environment influence engineering design, facilities maintenance and operations, transportation. 
and human performance. Such stresses may operate singly, combined or synergistically. 

Low temperature, snow, ice, frozen ground, ice fog. and whiteout are commonly assumed to 
be major impediments to construction, transportation and facilities maintenance in the cold regions, 
However, the warm summers maybe more oppressive than the cold winters. Heat, high humidity, 
insect pests, almost continuous sunshine. and the seemingly bottomless muskeg impose physical 
and psychological impediments to the utilization of man's full capabilities in the cold regions. 

Identification of the cold regions requires both climatological and geographical delineation. 
Climatologists frequently use the 32F-50F isotherm to identify the southern boundary of the cold 
regions. That isotherm is  based upon the average temperature for the warmest month of the year 
being above 32F but not above 50F. The definition is  derived from the Kiipper~~~ system of 
climatic classification which has received world-wide acceptance. Landsberg. Lippmann. Paffen 
and Troll3' present a map on which the earth is  divided into five major climatic zones: Polar and 
Subpolar, Cold-Temperate Boreal, Cool Temperate, Warm-Temperate Subtropical, and Tropical. 
These five zones are further subdivided on the basis of the distribution of deciduous. mixed and 
coniferous forests, shrubs, grasslands and desert-type vegetation into a total of 39 minor climatic 
regions. Although they are potentially suitable tools for geographers, biologists, ecologists and 
climatologists, there is a lack of realism in the complete Kdppen system and the broad spectrum 
classification used by Landsberg et al. when applied to most engineering and military problem 
areas in the cold regions. Engineers have used the 6-inch and 12-inch depth of frost penetration 
or soil freezing to identify the southern limits of the cold regions. This stochastic approach 
requires the estimation of frost penetration from a freezing index computed from air temperature 
records since actual observations of the distribution and depth of frozen soil are scarce. The 
use of arbitrary temperature isotherms, vegetation limits and freezing indices to define the cold 
regions fails to give due recognition to the extent of, and the problem's created by, snow and ice 
as  hydrometeors and as accumulations on the surface of the earth. Climatological data, upon 
which any criteria for identification of the cold regions must be based, are unavailable for 
extensive areas in the Northern Hemisphere and almost totally lacking for that part of the Southern 
Hemisphere that would normally be classified as  cold regions. Further, meteorological data 
frequently are fragmentary, lacking both seasonal and long-term continuity. 
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A realistic classificat,ion of the cold regions must be based upon the design and operational 
requirements essential to the maintenance of the industrial and social economy and military 
capability. Snow and ice control in the U.S. costs $100 million each winter. A city or State which 
must include in its annual budget thousands or even millions of dollars to maintain a program of 
snow removal, even though it. be geographically located in the mid-temperate zone, i s ,  for opera- 
t.ional purposes, located in the cold regions. Where frost heaving affects roadways; ice in lakes. 
rivers and harbors int,erferes with navigation; and the possible snow load on structures must be 
considered in design, we are dealing with a cold regions environment. 

With minor except.ions the 40th parallel i s  the southern limit of the cold regions in the Northern 
Hemisphere. Major ocean current.s such as the Gulf St,ream may ameliorate the climate of adjacent 
land areas. This accounts for the relatively mild climate of the northwest coast of Europe, Great 
Britain and Ireland. The warm ocean currents can create an anomalous situation, however. When 
the Gulf Stream is  warmer than usual, the low pressure associated with the large mass of warm water 
forces the major storm tracks to the south, bringing abnormally cold winters and much snow and ice 
to otherwise mild climates. Such abnormal situations occur with sufficient frequency to justify 
inclusion of many of the mild climatic regions within the cold regions. 

Altitude also has a marked effect on the climate. Vertical temperature gradients up mountain 
slopes are much steeper than latitudinal temperature gradients at sea level. The adiabatic lapse 
rate (change of temperature with altitude) varies from 5.4F/1000 ft (1C/100 m)for dry air to 
2.8F/1000 ft (0.6C/100m) for saturat.ed air. An average lapse rate of 3.3F/1000 ft i s  commonly 
used by climatologists when transferring temperature information from low elevations to higher 
elevations. The extension of the cold regions of the Northern Hemisphere south of the 40th 
parallel in southeast Eurasia and in the mountain regions of North America i s  due to the high 
elevation of these areas. 

A high elevation regime in the temperate zone has certain similarities and many anomalies 
when compared with a high latitude regime. Annual temperature extremes may be similar in both 
regimes but the great difference in insolation has a marked influence on the diurnal temperature 
cycle. Snowfall volume and distribution patterns also are much different at high elevations. The 
orographic influence on precipitation may result in winter snow depths of tens of feet on the wind- 
ward side and only a few inches on the lee or precipitation shadow side of a mountain. 

Operations at all seasons in the higher latitudes still require the fullest use of man's ingenuity 
to cope with the environment in spite of the great advances in technology since the extensive 
explorations during the 19th and early 20th century by Franklin, Sverdrup, Peary, Amundsen and 
the host of other explorers and pioneers. 

TEMPERATURE 

Zonal regime 

The basic concept of a cold region requires the acceptance of the temperature regime as  the 
dominant climatological factor. The frequent occurrence or the extended duration of below-freezing 
weather creates operational problems and decreases the effectiveness of man and his equipment. 
The southern limit of the cold regions has been defined by Bates and Bilello5 by the isotherm for 
32F mean temperature during the coldest month of the year. Making use of their basic map, Figure 1 
shows the cold regions divided into three temperature-defined climatic zones. These zones are 
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Figure 1. Climatic zones oP the cold regions o f  the Northern Hemisphere. Defined by  the isotherms 
for 32F, OF and -25F mean temperature for the co ldes t  month o f  the year. 

designated as Cold Winter, where the mean temperature during the coldest month i s  between 32F 
and OF; Very  Cold Winter, where the mean temperature during the coldest month is  between OF and 
-25F; and Extremely Cold Winter, extending northward from the -25F isotherm and where temperatures 
of -80F or less may be expected. The -25F isotherm has been used to define the southern limit 
of the Extreme Cold'Winter zone because it is close to the critical temperature below which man and 
his equipment have a very limited operational capability. 

/ 

In Army Regulation 705-15 (1962); Change 1 (1963) the world-wide climatic condit,jons are 
grouped into five ca&&ories for design, development, test andCprocurement.of Army materiel. The 
categories and the thermal stresses assigned to them are: 
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Upper ambient temperature limit, 120F for 4 hours. 
Lower ambient temperature limit, not applicable. 

b) Warm-wet 

Upper ambient temperature limit, 95F for 4 hours. 
Lower am.bient temperature limit, 60F for 4 hours. 

c) Intermediate 

Upper ambient temperature limit, 105F for 4 hours. 
Lower ambient temperature limit, -25F for 4 hours. 

d) Cold 

Upper ambient temperature limit, occasional 50F. 
Lower ambient temperature limit, -50F for 6 hours. 

e) Extreme co ld  

Upper ambient temperature limit, melting point for ice. 
Lower ambient temperature limit, -80F for 24 hours. 

For each of the last three categories, associated stresses characteristic of a cold regions climate 
such as blowing snow, snow load and icing phenomena are also listed. The Intermediate, Cold, 
and Extreme Cold categories, defined as "conditions" in AR 705- 15, are very nearly identifiable 
with the climatic zones in Figure 1 as Cold Winter. Very Cold Winter and Extremely Cold Winter. 

Each of the three cold zones in Figure 1 may be further subdivided into lowlands  and highlands.  
The latter is typified by the Cordillera of western North America, the Asian Highlands and the Green- 
land ice dome. The latitudinal variation in the temperature range and in the average temperature for 
some typical lowland locations and comparative records for several highland sites are shown in 
Table I. 

The difference in the range of average annual temperature (mean maximum for the highest month 
minus mean minimum for the lowest month) increases progressively up the latitudes from the Cold 
Winter zone to the Extremely Cold Winter zone. : Although there is a lower seasonal temperature at 
high elevations than at low elevations within the same latitude, the annual temperature range 
(Table I) i s  little affected by change in elevation. The seasonal change in the temperature regime 
with latitude is influenced by the seasonal change in length of day and the amount of solar radia- 
tion. At a given latitude there is little change in the length of day or the amount of solar radiation 
with change in elevation. Climatically the highland (or alpine) regions of the Cold Winter zone are 
not analogous to lowland regimes in the Very Cold Winter zone or the Extremely Cold Winter zone 
although frequently considered so for test and evaluation of equipment and staging of winter maneu- 
vers. Any assumption that an "alpine" climate i s  analogous to an "arctic" or "subarctic" climate 
ignores the difference in stresses created by length of daylight, diurnal temperature cycles and 
diurnal differences in both solar and long-wave radiation. 

The average annual temperature range shown in Table I i s  far from the extreme range that may 
be expected in the cold regions. At Verkhoyansk, Siberia, the difference between the maximum and 
minimum of record is 188F. At Snag, Yukon Territory, it is 170F and at Camp Century, Greenland, 
it i s  105F. Some minimum temperatures of record for the Extremely Cold Winter zone are shown in 
Figure 1. The lowest, -96F in Siberia, is far from the minimum reported from the Antarctic. At the 
South Pole, -113F was recorded in July 1965 during a period when the maximum did not exceed 
-100F for 112 consecutive hours. At Vostok, Antarctica, a record low of -127F was reported on 
24 August 1960. 



CHARACTERISTICS OF THE COLD REGIONS 

Table I. Comparative temperatures for the cold regions climatic zones. 

Climatic zone Station Mean temperature ( O F )  

Coldest Year Annual 
month ran g e  

Lowland Regime 

Cold Winter Peoria, I l l inois,  USA 
Bucharest, Hungary 
Peking, China 

Very Cold Winter Harbin, Manc hwia  - 2 38 74 
Moose Faotory, Canada - 4 30 66 

Extremely Cold Winter Yakutsk, Siberia 
Ft. Yukon. Alaska 
Eureka, Canada 

Cold Winter 

Highland Regime 

Lake Moraine, Colo. 
10,000 feet 

Extremely Cold Winter Camp Century, Greenland -44 -14 75 

Both latitudinal and elevation temperature gradients must be taken into consideration when 
transferring climatic information from one part of the cold regions to another for establishment of 
operational and maintenance procedures or the programming of test or maneuver schedules, even 
though the programs are confined to a limited part of any zone. The abundance of meteorological 
data available from the more populated regions of the several cold zones simplifies and adds 
veracity to information transfer and operational planning. In the higher latitudes and at higher 
elevations meteorological records are sparse or nonexistent and identification of zonal boundaries 
and evaluation of elevation-temperature regimes are difficult. Since there i s  a general decrease 
of temperature with elevation of about 3.3F/1000 ft, varying with the moisture content of the air, 
it i s  possible for some purposes of information transfer to use low-level weather records to estimate 
temperatures for higher elevations. 

Dhir and Singhfl in a study of snow melt in India, used the average lapse rate of 3.3F/1000 ft 
to compute the mean annual temperature for the Himalaya Highlands where good meteorological 
records were lacking. Diamondz2 and Benson7 made use of the fact that on the high Greenland ice 
sheet where no melting occurs in most years, the amplitude of the annual temperature cycle 
approaches zero at 8 to 10 meters below the surface. Comparison of the snow temperature at this 
depth with available synoptic data from a few stations on the ice cap which have been manned for 
a period of at least 12 months shows that it i s  very close to the mean annual temperature as  meas- 
ured in a weather instrument shelter. 

Using the snow profile temperature data obtained from deep pits dug by scientific parties which 
traversed the ice cap, Diamond found a mean temperature-elevation gradient, or lapse rate, of 
0.6C/100m, equivalent to 3.7F/1000 ft. He used this computed lapse rate to construct a map show- 
ing the mean annual air temperature distribution on the Greenland ice sheet. Figure 2 is a repro- 
duction of the map prepared by Diamond. Benson presents a more detailed temperature map for 
Greenland in which he used a mean latitude gradient of lC/degree bf latitude and an elevation 
gradient of 1C/100m to derive the isotherms. Mock and Weeks43 found that the temperature/latitude 
gradient on the ice sheet varied with elevation and that there also was a temperature/longitude 
gradient of 0.3CIdegree of longitude. 
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In the Antarctic, Shimizu5' found the temperatureflatitude gradient, computed from the 10-meter 
snow depth temperature, to be -O.SC/degree of latitude between 70°S and 83OS and -1.7C/degree 
of latitude between 83OS and 90's. In this area he found the temperature/elevation gradient to be 
0.82C/100 a. 

It is apparent that the degree of confidence one may place in the interpolation of mean annual 
temperature and lapse rates from snow profile temperature data is dependent upon the proximity of 
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data sources to the area of interest. It may be further diminished by the uncertainties of climatic 
cycles. Bader3 suggests that the mean annual temperature in Greenland at the present time is 1C 
to 4C higher than the snow profile temperature at zero amplitude depth. This could be due to a 
secular warming of the Arctic. 

Where meteorological records are sparse or discontinuous, and elevation contours on maps are 
of questionable accuracy, only a very generalized picture may be obtained of the temperature 
regime from plotted isotherms based on lapse rate computations. In the highlands where climate 
i s  modified by large scale orographic and wind-shadow effects and aspect influences the effect of 
solar radiation, the use of temperature records for plotting average annual isotherms to 1- or 2- de- 
gree intervals may present a misleading picture of the temperature regime, even where station 
coverage is good. The proper perspective must be maintained in the preparation, interpretation or 
use of such maps. 

Frequency, means and extremes 

The frequency at which a potentially deleterious temperature may occur is  an important factor 
in operational and maintenance planning and the designing of facilities for the cold regions. The 
percentage frequency of time that temperatures are below 32F, OF and -25F for the month of 
January in the Northern Hemisphere is shown in Figures 3, 4 and 5. These maps have been recon- 
structed from the Atlases for Surface Temperature Frequencies for North America, Greenland and 
Eurasia (RaynerS2 "). The month of January was used because it i s  commonly the coldest month 
of the year in the Northern Hemisphere. The recorded occurrence of several consecutive days with 
temperature above 30F accompanied by some rainfall in January 1958 at weather stations in the 
Canadian Arctic north of 75'latitude emphasizes the need for a rational interpretation of such 
maps. At the same general latitude in north Greenland as many as 7 consecutive days with a maxi- 
mum temperature of -50F or lower have been recorded during the winter. At Snag, 'Yukon Territory, 
a minimum of -55F or lower has occurred on an average of 6 days per year for the more than 50 years 
of record. 

Figures 3, 4 and 5 permit a reasonable evaluation of operational limitations. Where the ambient 
temperature remains below -25F for several days, most operational capabilities are reduced by 50%. 
Several additional days of below -25F can result in almost total immobilization. At that temperature, 
so much time must be devoted to the protection of facilities and equipment and to survival that 
gainful activities are reduced to ineffectual levels. 

Near -40F, visibility-limiting ice fogs are formed. Air and ground operations may be immobilized 
by the dense ice fogs caused by water vapor and hydrocarbon pollutants derived from burning fossil 
fuels in engines and heating plants. Artillery fire and vehicle exhaust produce readily identifiable 
signatures, comparable to the contrails produced by high flying aircraft when low temperature con- 
ditions aloft are conducive to ice-fog formation. 

Windchill adds to the operational problems in a cold environment. When low air temperature 
is  accompanied by wind there is an increase in the cooling effect of the atmosphere accompanied 
by a corresponding increase in human discomfort. Siple and Passels7 developed a windchill 
formula which has become widely accepted as the most satisfactory measure of potential human 
discomfort in the cold regions: 

where 

K O  = windchill, the cooling power of the atmosphere in kcal/m2hr 

V = wind velocity, m/sec 

T, = air temperature, OC. 
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Figure 3. Percentage frequency o f  temperature below 32F during January in the cold regions o f  the 
Northern Hemisphere. 

From experiments, Siple and Passel determined that windchill values could be associated with 
a subjective sense of cold by the human body. ~lthough there i s  no empirical fact iipon which the 
correlation can be factually established, the following relationship is  generally accepted. 

Windchill 
(kcal/m 'hr) 

200 
400 
600 
800 
1100 
1300 
1500 

Relative comfort level 

Pleasant 
Cool 
Very cool 
Cold 
Very cold 
Bitterly cold 
Exposed flesh freezes 
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Figure 4. Percentage frequency o f  temperature below OF during January i n  t he  cold regions o f  t he  
Northern Hemisphere. 

Morri~'~ discusses the significance of windchill in connection with Arctic test and evaluation 
programs. He emphasizes the fact that it has no meaning when used to indicate the cooling rate of 
equipment since it does not include all avenues of heat transfer which may be effective during a 
test. 

The Air Force, recognizing that the subjective approach has some value in connection with 
survival of aircraft crews, prepared a windchill nomogram similai to that in Figure 6. :This windchill 
chart, in one form or another, is  generally used by the armed services in planning arctic maneuvers 
and outdoor operational, maintenance, and "test-and-evaluation" programs. 
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Figure 5. Percen tage  frequency o f  temperature be low -25F during January in  the co ld  reg ions  o f  
the  Northern Hemisphere. 

Temperature inversions 

Frequent and persistent temperature inversions are a characteristic of the cold regions. 
Normally the temperature of the lower level of the earth's atmosphere (troposphere) decreases with 
height. The more buoyant warm air near the ground rises through the dense cooler air, setting up 
convectional processes which induce a thorough mixing of the air. When the ground surface is  
chilled by radiational heat losses or evaporative cooling, or when there is an inflow or intrusion of 
low temperature air near the surface, an inversion develops. The cool a i r  in contact with, or very 
close to, the ground surface, being heavier and denser than the warm air above, establishes a 
stagnant condition which may prevail for days. With radiational or convectional warming of the 
ground surface at a minimum the air may be lowered to the dew-point temperature and fog may form. 
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I. COMFO'RTABLE WITH NORMAL PRECAUTIONS. 

II. V E R Y  C O L D ,  T R A V E L  B E C O M E S  U N C O M F O R T A B L E  O N  O V E R C A S T  DAYS. 

Ill. B I T T E R L Y  COLD.  T R A V E L  B E C O M E S  U N C O M F O R T A B L E  E V E N  O N  C L E A R  S U N N Y  DAYS. 

I V .  F R E E Z I N G  O F  H U M A N  F L E S H  BEGINS,  D E P E N D I N G  U P O N  D E G R E E  O F  A C T I V I T Y .  A M O U N T  O F  

S O L A R  R A D I A T I O N  A N D  C H A R A C T E R  O F  S K I N  A N D  C I R C U L A T I O N .  T R A V E L  A N D  L I F E  I N  TEM' 

P O R A R Y  S H E L T E R  B E C O M ~  D I S A G R E E A B L E -  

V. S U R V I V A L  E F F O R T S  A R E  R E Q U I R E D .  E X P O S E D  F L E S H  W I L L  F R E E Z E  I N  L E S S  T H A N  1 M I N U T E .  

Figure 6 .  Windchill index and related levels o f  human discomfort. 

I f ,  during an inversion, the ground surface i s  warmed by solar radiation without sufficient 
energy being developed to establish normal convective processes the inversion may lift a few tens 
of feet above the ground. Under such conditions a ground fog may lift and become a high fog or even 
a low stratus. If the ground is  covered by snow, diffused sunlight penetrating the overcast and 
multiply reflected bebween the snow surface and the fog or cloud base produces the classic 
Arctic whiteout. 

Typical temperature inversions measured at several Arctic stations are shown in Figure 7. 
Steeper gradients than illustrated in this figure are not uncommon. Bilellog made a statistical sur- 
vey of inversions at a number of stations located in the Extremely Cold Winter zone. :He found that 
inversion thickness, that is, the height above the ground at which normal adiabatic lapse rates are 
reestablished, is  much greater during the cold months of the year than during the warm months. He 
found also that inversions with their base near the ground surface occur more frequently during the 
cold months. This agrees with observations that whiteouts with the fog or cloud base at some 
elevation above the snow surface occur most frequently during the ,warm months. Bilello's study 
showed also that the steepness of the inversion is  greater during the cold months than in the warm 
season. Winter-time inversions of more than 50F per thousand feet have been measured in Greenland 
and at the South Pole. These steep inversions were associated with a surface temperature of 
-67F in the Arctic and -102F in the Antarctic. Such steep gradients do not occur where inversions 
and fogs are associated with temperature differences between the land or extensive ice sheets and 
open water or where a maritime, albeit low-temperature, climate dominates the environment. 
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Figure 7 .  Temperatureinversions observed at some Arctic 
weather stations. 
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Precipitation and distribution 

Annual snowfall in the  cold regions of the Northern Hemisphere varies Prom a s  l i t t le as 10 in. 
to more than 800 in. In water-equivalent terms this is equal to  a b u t  1.5 to 120 iq. of precipitation. 
Orography plays an important part in the distribution of snowfall. The north-south axis of the 
Western Cordillera imposes a barrier to  the inflow of warm moist air from the Pacific Ocean into the 
continental area of North America. Some of the largest snow storms of record are reported from 
locations along the west slope of the Sierra Nevada, Cascades and the  mountains of Alakka. The 
single-storm snowfall and total seasonal snowfall in this highland regime probably are nat exceeded 
anywhere else in the world. At Donner Pass ,  in the High Sierra, about 7 ft of snow once f e u  in 
24 hows, the greatest snowfall rate on record. At Tamarack, California. a lso on the west slope of 
the Sierra. 390 in. of snow fell  in one month. At Thompson Pass.  Alaska, on the Richardson High- 
way, 975 in. of snow fell in one winter, all in recent times. 

The Himalayas with their east-west axis intercept the northward flow of warm moist air from 
the Indian Ocean. Since the Himalayas are located close to the tropics the moist air must be lifted 
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Figure 8. -The "lake effect" infiuence on distribution of  annual snowfall. 

to a greater elevation before snowfall occurs. Here the winter snowline is located at  approximately 
7000 ft while on the west slope of the Sierra Nevada it i s  at about 4000 ft. The orographic influence 
on snowfall may be observed in the Appalachians, the mountains of central Quebec and on the 
Greenland ice dome. 

In mid-continental areas of both the Eastern and Western Hemispheres the lesser annual 
precipitation during the winter may be due to precipitation shadow effect of mountains. Low initial 
moisture-capacity of the air masses associated with the major winter storms, or the long trajectory 
of storm paths over dry continental areas with no opportunity for moisture pick-up may also be con- 
tributory. 

Large inland lakes may play an important role in the distribution and volume of annual snowfall. 
There is  a region in southern Ontario and northern New York, in the lee of the Great Lakes, where 
the average annual snowfall amounts to 60 to 200 in. per year. The large volume of snow in this 
area is attributed to the warming and. introduction of moisture into polar continental or extra-tropical 
air masses as they sweep across the lakes. The snowfall pattern east of Lakes Huron and Ontario 
is shown in Figure 8. In the New York area the lake-effect snow storms create serious maintenance 
problems on major highways and railroads. The lake effect on snowfall may be expected anywhere 
in the cold regions where large bodies of water lie across major storm tracks. 

Richards and DercoS4 report a considerable reduction in storm snowfall in southwestern Ontario 
after Georgian Bay (the eastern arm of Lake Huron) freezes over. Lansing3' attributes the greater 
snowfall in northeastern New York to the general lack of winter cover;on Lake Ontario. He reports 
a snowfall record of 36 in. per day for this area a s  a product of lake-effect storms. Petterssen and 
Calabrese4' studied the thermodynamics of Great Lakes winter stormb, and attribute the lake effect 
on snowfall to the heat supplied by the open water to the air and the associated local atmospheric 
Pressure drop. Henryz6 has shown that the large body of water which would be impounded by the 
Proposed Rampart Canyon Dam on the Yukon River in Alaska would have a material effect on the 



14 CHARACTERlSTlCS OF THE COLD REGIONS 

Figure 9. World distribution and duration of seasonal snow cover (RikhtelS5). 

pattern and amount of precipitation on adjacent land in the basin. His study indicates the possi- 
bility of a considerable increase in precipitation, probably all as snow, on the lee shore of the 
reservoir during the autumn before an ice cover develops. 

Accumulation and duration of the snow cover 

The accumulation of the seasonal snow cover i s  a function of the seasonal volume of precipita- 
tionand the temperature cycles. In the Extremely Cold Winter zone the mean snow depth during the 
month of maximum depth on the ground may equal or exceed the mean depth for the corresponding 
period in the Cold Winter zone in spite of much greater annual snowfall in the latter zone. Frequent 
winter thaws in the Cold Winter zone may reduce a seasonal snowfall of 40 to 60 in. or more to an 
actual maximum seasonal cover of 12 to 18 in. in undisturbed areas. In the Extremely Cold Winter 
zone where no melting occurs for 4 to 8 months, a seasonal snowfall of 24 to 30 in. produces a 
maximum snow cover of 10 to 20 in. during the month of maximum depth. The difference between 
recorded annual snowfall and actual depth of snow on the ground in the Extremely Cold Winter zone 
i s  due to settling, consolidation and metamorphosis of the snow grains and not to melting a s  in the 
other zones of the cold regions. 

The world distribution and duration of the seasonal snow cover i s  shown in Figure 9. This 
map from Rikhter5' shows that the major snow-problem areas of the world are in the northern cold 
regions. The location of the zero-duration snow-cover isoline in this figure does not identify the 
southern limit of snowfall. Snow storms of sufficient magnitude to create trafficability and 
communication problems do occur occasionally south of this line. 
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Figure 10. Maximum annual snow cover in  the Northern  m mi sphere (Bates and Bilello 5). 

The average seasonal maximum snow depth on the ground in the cold regions of the Northern 
Hemisphere is shown in Figure 10. This  map5 shows the  maximum depth on the ground as recorded 
a t  the end of the month with maximum snow on the ground. Data used in t h e  preparation of th i s  
map were derived from climatological records covering periods up to 30 years. 

Boyd'' states that the largest month-end depth of snow as reported for the winter season is 
usually l e s s  than the winter maximum since the heaviest snowfall producing the maximum winter 
depth may have occurred early in the month. Settling and possibly some melting with no subsequent 
snowfall during the month may reduce the  recorded month-end depth to l e s s  than t h e  winter maxi- 
mum. 

In Canada, according to  Boyd, a factor of 1.236 must be used to convert end-of-month maxima 
to annual maxima where such information is needed for operational or design purposes. This 
conversion factor appears to be particularly applicable where the only available records of snow 
depth are those obtained from periodic snow surveys made for hydrologic purposes. 
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Figure 1 1 .  Snow, blowing from higher elevations and deposited at lower l eve l s ,  increases rail and 
highway maintenance problems. The "snowsheds" shown in this photograph protect the transconti- 
nental railroad crossing Donner Summit. California, from the 2Q- to 60-It drif ts  which often block 

th8 parallel interstate highway. (Photo by R.W. Gerdel,) 

Although Figures 9 and 10 give some idea of the world distribution of depth and duration of the 
snow cover, due to cheir small scale they fail t o  adequately illustrate the accumulation in the  high- 
lands of the  cold regions. In the mountains, seasonal snowfall may accumulate to as nuch as 30 feet 
or more and persist  for 4 to  5 months. Keeping highways, railroads and airports open and maintaining 
services in these areas is a costly process suitable only to  a high level of industrial economy or 
military necessity. 

In the cold regions of the Northern Hemisphere the greatest accumulation of seasonal snow 
occurs between 40°and 60° latitude. The decrease in accumulation northward is due to  lesser  
annual precipitation and the decrease southward t o  intermittent melting during t h e  winter. There is 
a l so  a decrease in seasonal accumulation with altitude above solhe elevation determined by the 
orographic and meteorological features of the region. The decrease in  depth of snow on the ground 
a t  higher elevations may be masked by the effects of topography and exposure. High winds may 
sweep snow from exposed areas  and deposit i t  in  protected areas to depths several  times the  normal 
snowfall for the locality. Figure 11 shows how exposed peaks a t  high elevations may be denuded of 
snow by frequent periods of high winds. The blown snow, deposited at low elevations, may create 
snow removal problems for highways and railroads far beyond those which might be considered a s  
probable from a study of snowfall records for the  area. 
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G R E E N L A N O  

LAND G L A C I E R S  W L T E R  

Figure 12. Annual accumulation of snow cover in Greenland. Isohyets in cm water equivalent 
(from Bader3). 

An excellent illustration of the effect of elevation, latitude. and exposure to prevailing storm 
tracks on seasonal snow accumulation is shown in Figure 12. This map of annual snow accumul% 
tion in Greenland was prepared by Baderhho made use of the sriow stratigraphy studies reported 
by Benson' and unpublished data from other sources to derive the annual isohyets for the ice cap. 
It is apparent from this map that there is an increase in the annual accumulation of snow from about 
30 cm water equivalent near sea level to 60 cm water equivalent at an elevation of about 2500 
meters and then a decrease to 20 cm water equivalent above 3000 meters across central 
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Greenland. This change in annual accumulation of snow with elevation' along the westward face of 
the ice dome exhibits a uniform pattern which i s  illustrative of the orographic influence of the ice 
dome on the prevailing westerly storms which pick up large supplies of moisture as they cross the 
open waters of the Labrador Sea and Davis Strait. The effect of latitude i s  illustrated by the change 
in accumulation from abbut 90 cm water equivalent south of 60°1atitude to 30 cm near 70' and 10 cm 
near 80' along the crest of the ice dome. 

Depth of snow on the ground i s  an important factor in winter operations. Heavy tracked vehicles 
operate with little or no difficulty in snow up to 18 in. deep if the snow cover overlays a hard sur- 
face such as  frozen ground or old high-density snow or ice. Blade-type displacement plows can keep 
roads and airports cleared in regions where the usual storm snowfall does not exceed 12 to 15 in. 
Where snow may accumulate to several feet before it i s  removed, auger, or rotary, type plows are 
required. Cross count.ry movement over unconsolidated snow more than 2 feet. deep i s  difficult if 
not impossible except for very light weight, low load-capacity track-type vehicles or by men on skis 
or snowshoes. If the density of the snow cover i s  less  than 0.2 g/cm3, even light vehicles may be 
immobilized and ski-equipped planes unable to land or take off. A man's progress on skis or snow- 
shoes will be limited to tlie efforts required for survival rather than to constructive activities. 

Snow load 

Although t,he depth of snow on the ground imposes a physical barrier t o  mobility, it i s  the 
weight of [,hat snow, or the snow load, that must be taken into consideration for design criteria in 
the cold regions. The conversion of depth of snow on t.he ground to weight from which snow load 
values may be computed i s  difficult. New-fallen snowmay have a density of less  than 0.1 g/cm3 
and older snow density may exceed 0.5 g/cmf Boyd1' made a study of snow depths on the ground 
and snow loads on roofs in Canada, and the U.S. Weather Bureau made a similar study in the United 
States for the Housing and Home Finance Agency.27 Figure 13, showing the maximum probable snow 
load to be expected in Canada and the U.S. , :  was prepared from the material presented in these two 
reports. , Additional records from snow surveys made in the western United States during the past 
15 years for water-supply forecasts were used to extend the snow load isolines into regions not 
covered by ref. .I2 and 27. 

Tlie isopleths in Figure 13 must be considered a s  indicative only of the probable maximum 
snow load in any locality. Rain on snow can add appreciable weight, particularly if the snow i s  
cold enough to cause the rain to freeze within the snow cover. High winds may clear the snow load 
from some structures, or transfer and even increase the load on portions of other structures. Where 
the snow load is not removed by wind t,he increased surface area created by the accumulated snow 
[nay result in the snow load being augmented by wind pressure. Figures 14 and 15 show snow-loaded 
roofs with creep and wind cornices, both of which caused damage to the eaves, sidewalls and win- 
dows of the buildings shown before the end of the winter. 

In the Extremely Cold Winter zone the annual snow load may accumulate year after after. On the 
Greenland ice sheet, above the firn line where there i s  little or no summer melting, the snow load 
increases 30 to 100 pounds per square foot per year. Similar accumulation-load problems are en- 
countered at higher elevations in Alaska, Canada and tlie Antarctic. 

Most of the records on snow cover which may be used for computing regional snow loads are 
for snow depth only. Density or water-equivalent values essential to satisfactory evaluation of 
potential snow loads are seldom measured or reported in standard climatological summaries. To 
compute snow loads from the regular weather-station reports of depth on the ground, Boyd1' assumed 
that 1 in. of snow corresponded to a pressure of 1 lb/ft2. This assumption was based on a density 
of 0.2 g/cn13 which niay be too low for some regions. A value of 1.5 lb/ft2 per inch depth of snow 
might be a more realistic value for most of the cold regions of the Northern Hemisphere. Even that 
figure may be too low for a maritime climate where wet snow storms are common. 
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Figure 13. Maxiiiium probable snowload on a horizontal su r face in  the Northern Hemi sphere ( l b / f t  '). 

Snow load specifications in AR 705-15, for the Intermediate, Cold, and Ext,reme Cold climatic 
conditions are 40 lb/ft2 for semipermanent installations and 50 lb/ft' above 4000 ft. A s  shown in 
Figure 13, these values may be far too conservative for many parts of the cold regions. 

Structural failure under heavy snow loads probably occurs most frequently in the southern part 
of the Cold Winter zone, and particularly in the portions of this zone dominated by a maritime climate. 
The wet snow which falls occasionally in this part of the cold regions imposes a load which was not 
recognized as  an important environmental factor when some of the buildings were designed. The 
collapse of the Knickerbocker Theater in W~tshington, D.C., on Januxy 25, 1922, in which more than 
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Figure 14. Snowload with a plastic-creep cornice. Heated build- 
ing with woodshingle roof, Soda Springs, California, April 1944. 

(Photo by R.W. Gerdel.) 

Figure 15. Snow load with wind cornice on end-eaves. Heated 
building with sheet-metal roof, Soda Springs, California, January 

1953. (S ta f f  photo, Central Sierra Snow .Laboratory.) 
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100 people were killed, resulted from a wet, heavy, 28-in. snowfall accumulating on a roof not 
designed for such a load. A three-day storm in February 1916 caused the dome of the Seattle 
Cathedral to collapse under a load of 32.5 in. of wet snow. Heavy snow as far south as Georgia, 
Tennessee and Kentucky in March 1960 caused the collapse of many buildings. These structural 
failures under snow loading are conclusive evidence that the cold regions and the related problems 
are not confined to the Polar, Arctic or Subarctic parts of the World. 

GLAZE, RIME AND HOARFROST 

Surface deposits of ice in the form of glaze, rime and hoarfrost are characteristic of the cold 
regions. A coating of glaze ice develops when rain freezes to a surface which is below freezing. 
Rime is produced by cloud particles freezing to cold surfaces and is  usually distinguishable from 
glaze by the opacity and lower density of the deposit. Rime forms on the windward side of an object 
(Fig. 16). Similar and frequently much more massive forms of rime develop on all types of exposed 
structures in maritime climates and at high elevations in the cold regions. Hoarfrost i s  a sublima- 
tional product characterized by a feathery network of fragile crystals with a very low mass density. 
It i s  commonly deposited on cold surfaces from a clear, calm air. It may be considered the winter 
equivalent of a heavy dew. 

Glaze is usually transparent to translucent and has a density approaching that of pure ice 
(0.9 g/cm3). Rime is  translucent to opaque and the density usually falls within the range 0.1 to 
0.6 g/cm3. The mass density of hoarfrost is  almost impossible to measure but it i s  probably less 
than 0.2 g/cm3 although the single "blades" or "cups" which give hoarfrost its striking patterns 
will have a density approaching that of pure ice. 

Figure 16. Rime formation on branches of tree. (Photo by R. W. 
Gerdel. ) 
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There is  a recognized overlap between glaze 
and rime which is meteorologically classified as 
hard rime. It may form as the result of transpions 
between rain, drizzle, fog and snow during the 
deposition period. Small variations in air tem- 
perature, windspeed and rate of precipitation all 
influence the density and structure of glaze, rime 
and hard rime. 

Glaze or rime should not be confused with 
s l e d .  The latter is produced by the freezing of 
raindrops before they reach the ground. A layer 
of air, cold enough and thick enough to cause 
spontaneous freezing of the falling raindrops. 
usually is  considered to be a prerequisite for 
the formation of sleet. Since it is  frozen before 
reaching the ground, sleet does not form an 
adhering layer of ice on surfaces like glaze or 
rime. Frequently it i s  deposited as loose. 

1 glassy beads of ice, creating a very slippery 
T E M P E R A T U R E .  OC surface. Transition from sleet to rain, freezing 

Figure 17. Idealized air temperature profile rain-glaze or snow is usually rapid and true sleet 
associated with precipitation falling as snow, storms are commonly of short duration. 
rain, orglaze or sleet. Altitudefigures, rough Some idealized temperature curves associ- 

approximations. 
ated with the formation of precipitation as snow, 
glaze or sleet, and rain are shown in Figure 17. 

Too little is known about the temperature stratification in the lower atmosphere during the formation 
of glaze and sleet to identify the actual conditions causing these formsof precipitation. 

Glaze storms may interfere with, or even halt, highway, rail and air traffic. Abrasive materials. 
spread from automatic dispensers directly ahead of the drive wheels and sometimes accompanied by 
a st.eam jet, are frequently used to improve rail trafficability. Sand, cinders or slag alone are not 
effective in counteracting the slippery surface which develops on highways and airports during a 
glaze storm. The abrasives are quickly covered by new layers of ice and their rate of application 
cannot keep up with traffic needs. Most highway maintenance units use sodium or calcium chloride, 
alone or in combination with abrasives for glaze control. Since glaze forms at comparatively high 
temperatures, seldom below 25F, the use of chemicals to depress the freezing point and thus main- 
tain the precipitation in a liquid or slushy form is effective in highway maintenance. The extremely 
corrosive nature of the chlorides and of almost all other chemicals which might be used a s  anti- 
icing agents prohibits their use on airports unless provisions are made for immediate and thorough 
removal of the salt-ice slush. Fortunately the majority of freezing rain storms are associated with 
warm fronts and are followed within several hours by thawing conditions and rapid improvement in 
trafficability. 

Power transmission and communication lines may accumulate sufficient ice loads during a 
glaze storm to be damaged by line breakage or the collapse of poles or towers. A common form of 
damage is  caused by ice-loaded tree limbs falling on power and telephone lines. Freezing rain may 
encase lines, cables and trees with ice coatings an inch or more in radius, weighing 10 to 20 pounds 
per linear foot. 

When the temperature rises and ice accumulations start to fall off long line-spans the "galloping 
effect" induced by the sudden or uneven reduction in load may cause as  much, or more, damage than 
the actual overload stress. This galloping effect may develop when high transmission lines are 
deliberately over-voltaged to melt off glaze accumulations. 
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The relationship between meteorological conditions and the growth processes and structural 
forms of the various types of ice accretions on electric wires i s  discussed in considerable detail 
by ~uroiwa?' He shows how ice deposits on wires may develop to the windward and, by their own 
weight, rotate around the wire to develop into cylindrical encasements. 

The short-wave transmitter and repeater antennas used in almost all countries for TV trans- 
mission and communication are usually erected on hill tops or mountain peaks. The antenna and 
supporting towers are usually more subject to heavy rime loads caused by supercooled clouds or 
fogs than to loads caused by freezing rain. The clouds may move rapidly at such elevations and 
the rime load may be unevenly distributed on the structure due to small temperature and moisture 
content differences in the cloud. Any form of icing, glaze, rime or hoarfrost will affect the elec- 
tronic characteristics of the antenna in addition to the load stresses imposed upon the structure. 
Staige?' presents an excellently illustrated treatment of ice-load problems on the design of antenna 
structures in Germany. 

Hoarfrost. although spectacular. seldom creates structural loads of sufficient magnitude to 
cause failure. The atmospheric conditions that lead to hoarfrost formation on objects frequently 
cause ice formation on the windshields of vehicles when there i s  no freezing rain. fog or cloud. On 
a clear, cold night, with the air near saturation, the movement of a vehicle may initiate the forma- 
tion of a thin coating of ice. 

Figure 18 has been prepared largely from maps and other information presented by Bennett6 
and supporting material from many quasi-technical sources and news articles. The lack of satis- 
factory meteorological records prevents the extension of the glaze belt on this map through Asia. 
It is  probable that much of interior Asia is  relatively free from ice storms. Rime may be expected 
frequently in the southern Asian Highlands. Although data are sparse, it appears that heavy ice 
storms are not infrequent in Japan and along the Asian coast. There appear to be few icing prob- 
lems in the Southern Hemisphere. Only the southern parts of Chile and Argentina are located in a 
climatic regime conducive to ice storms, but there are few reports to indicate the frequency or 
intensity of occurrence. 

Within the glaze belt of the Northern Hemisphere the most frequent and heaviest ice storms in 
the world occur in a narrow band some 200 miles wide extending from the upper Great Lakes through 
the northern United States and southern Canada to Nova Scotia. There is another area along the 
west coast of Canada and Alaska where heavy icing is  frequent. 

The frequency of occurrence of ice storms and the extent of damage produced by them are 
difficult to evaluate from official weather records. Reports from urban areas where weather stations 
are usually located may not indicate the wide area covered by freezing rain in  the open country 
during a major ice storm. As an example, Bennett6 presents a map based upon 28 years of weather 
records which shows that Connecticut has less than one glaze storm per year. But the State High- 
way Commissioner, in a letter cited by Bennett, reports that Connecticut has 20 to 25 storms per 
year which create slippery, hazardous driving conditions and that about half of these are freezing 
rain storms. He states, in his letter, that a glaze storm in central Connecticut i s  usually accom- 
panied by rain along the coast and snow in the northern part of the State. With reports available 
from only two weather stations in that State their location may not have been conducive to good 
areal sampling of the ice storms which apparently cause more traffic problems than the officially 
reported frequency of occurrence would appear to indicate. 
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Figure 18. G l a z e  be l t s  o f  the ~ o r t h k r n  Hemisphere. 

ICE 

Glaciers 

Geologists and physical geographers recognize two basic types of glaciers: mountain glaciers, 
including the valley and piedmont forms. and continental ice sheets. Mountain glaciers occur 
throughout the cold regions. In the Extremely Cold Winter zone they may extend from the highest 
peaks down to sea level. In the southern highlands of the Cold Winter zone they may be limited to 
inactive, cirque-confined ice remnants. Where they flow out of valleys and spread out on the plains 
at the foot of the mountains (Fig. 19) the piedmont glaciers often provide trafficable access routes 
to high elevation sites which may have strategic importance. The high mountain glaciers are the 
major source of water for many of the northern rivers which provide navigable access to inland 
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Figure 19. A mountain-valley glacier debouching onto a coastal  
plain, El lesmere ls land.  (Photo  b y  R. W .  Gerdel.) 

regions in the summer and ice-covered natural highways in the winter. In many parts of the cold 
regions these glacier-fed rivers are an untapped source of wat,er for hydroelectric power develop- 
ment and concomitant improvement in the regional economy. 

Continental glaciers cover most of Antarctica and Greenland and part of Ellesmere Island. They 
are dome- or shield-shaped masses of ice which, in Antarctica and Greenland, are more than 10,000 ft 
thick near their center. The Greenland ice sheet occupies more than 700,000 square miles of the 
total 850,000 square miles of land area. It reaches the 'sea or coastal plain in the form of valley 
glaciers, high, steep ice cliffs (Fig. 20), and floating ice shelves. The Humboldt Glacier in North 
Greenland (Fig. 21) ends at the sea in an ice shelf 50 miles wide. Tabular icebergs or small ice 
islands, 300 ft thick and u p  to several square miles in area, constantly break off the ice shelf 
during the summer and float southward into the sea lanes of the Atlantic. 

The continental glacier of Antarctica is some 5,000,000 square miles in area and most of the 
perimeter i s  at the sea. A s  in Greenland, the Antarctic ice sheet i s  comparatively flat, rising in 
a gentle gradient to more than 10,000 ft. However, in the Antarctic mountains protrude through 
the ice sheet to 5,000 f t  or more above the ice surface. 

In contrast to mountain glaciers which may move downslope at rates of several feet to several 
yards per day, the continental ice sheets of Greenland and the Antaxtic are relatively stable. 
Movement at higher elevations in the interior regions is on the orderjof several inches per year. 
The slow horizontal movement permits the establishment of reasonably permanent facilities on, or 
within, the ice such as Camp Century in Greenland and South Pole'Station in the Antarctic. In 
general such facilities will be destroyed by the vertical and horizontal pressures of annual accu- 
mulative snow loads as they become submerged in the ice, long before any appreciable damage 
develops from horizontal shifting of the continental ice sheet, although some deformation of 
structures due to horizontal movements does occur. 
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Figure 20. An ice-cliff  front o f  a continental glacier with terminus 
on land, North Greenland. (Photo by R.W. Gerdel.). 

Figure 21. Tabular icebergs calved at the sea terminus o f  the 
Humboldt Glacier, North Greenland. (Photo by R.W. Gerdel.). 
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Lake, river and sea ice cover 

In most of the cold regions an ice cover forms on open water during the winter months. . Large 
lakes in the Cold Winter zone, such as  Lake Superior and Lake Michigan, may not freeze over 
completely. However, their harbors, connecting channels and tributary rivers usually become 
sufficiently ice-bound to interfere with, or halt. navigation for two to four months each year. I c e  
does not form on the open sea in the Cold Winter zone but coastal harbors may become ice-bound 
and require special efforts to maintain navigation. A notable example of a heavy ice cover on a 
major harbor in the Cold Winter zone occurred in February 1844 when hand labor was required to 
cut a channel about 7 miles long through the ice in BostonHarbor to release outbound and inbound 
ships, some of which had been ice-bound for two weeks. ,In 1852 an ice covet developed at the 
headwaters of Chesapeake Bay and on the Susquehanna River at Havre de Grace, Maryland, which 
was so thick and persistent that it interfered with navigation for two months. When railroad-car 
ferries were immobilized, tracks were laid on the ice and 1378 loaded freight cars were hauled 
across the ice in a 40-day period. 

Ice jams formed by heavy rains and rapid melting break up the ice cover in the upper reaches 
of a stream and cause ice floes to develop that are greater than channel capacity. : These have a 
material effect on navigation and hydroelectric installations far south of the cold regions a s  de- 
fined by the southern limits of the mean annual 32F isotherm. The Mississippi River was totally 
blocked by ice jams at New Orleans in 1899. Each year it i s  necessary to undertake protective 
measures to prevent ice jams from blocking domestic and industrial water-supply intakes along the 
Mississippi, Ohio and Missouri Rivers. Break-up and rafting of lake ice during heavy storms 
frequently causes much damage to harbor and shore installations. 

Ice-related damage to property and interference with transportation probably causes a greater 
annual economic loss in the southern parts of the cold regions of the Northern Hemisphere than 
all of the ice cover, several orders of magnitude greater in thickness and volume, formed during a 
single winter season in the Very Cold Winter and ~ x t r e k e l ~  Cold Winter zones. 

Since the freezing point for sea water i s  approximately 28F an extensive ice cover develops 
on ocean water only in the Very Cold Winter and Extremely Cold Winter zones. In the former zone, 
the ice cover usually is limited to the coastal region where it remains shore-fast until storms, high 
tides or the warm weather of spring lead to break-up. As sea water freezes, the ice that is first 
formed has a lower salt content than the water from which it was formed. This results in a localized 
increase in the brine concentration of the remaining water and a further depression in the freezing 
point. As a result of the salt rejection and brine concentration process, sea ice is  much less 
homogeneous than fresh water ice. At temperatures above 28F sea ice loses strength much more 
rapidly than fresh water ice due to the high concentration of brine at the crystal boundaries. This 
weakening leads to rapid break-up of the coastal shore-fast ice in the spring. 

Normally the action of tide, wind and long-shore currents carries the broken-up shore ice out 
to sea. If a heavy storm follows a warming period the coastal ice may raft; that is, the large cakes 
are piled one on top of another and the rafted floes may then be pushed up onto shore, causing 
severe damage to harbor installations. 

In the Extremely Cold Winter zone the sea ice cover reaches a thickness of 3 to 10 ft annually. 
In the summer the continuous cover breaks up into floes which drift with the wind and current. :Over 
most of the Extremely Cold Winter zone the floes or pack ice survive the summer and are refrozen 
in the subsequent winter ice cover. , In the Arctic seas a balanke appears to have been established 
between the new ice formed each winter and the losses due to, summer melting and drifting to the 
open oceans. 

The ice cover of the Arctic Ocean is  not composed entirely of salt-water ice since snow makes 
a significant contribution. There are several floating fresh-water tabular bergs ("ice-islands") like 
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ACCUMULATED DEGREE DAYS OF FROST (BELOW- I.BoCI 

Figure 22. , Relationship between ice thickness, cumulative degree-days of freezing temperature 
and snow depth (numbers on curves). (From Bilello.!) 

those produced by the Humboldt Glacier, most of those in the Arctic Ocean are derived from the 
Ellesmere Island ice shelf. Ttiey vary from a few hundred square yards to more than 100 square 
miles in area. Fletcher's Ice Island, also designated as T-3 and Station Bravo, when first 
occupied in 1954 was about 10 miles long by 5 miles wide. It was 160 ft thick and composed of 
3000- to 5000-year-old glacier ice. A research station has been occupied on T-3 almost constantly 
for the past ten years. The ice island drifts in a roughly circular path at a variable rate of possibly 
1 mile per day. 

Mel10r~~ presents an excellent summary discussion of the processes of formation and the 
physical properties of sea ice. 

Bilelloe presents equations for use in predicting sea-ice growth and decay from available air 
temperature records. His equations take snow-cover thickness and thermal-insulation effects into 
consideration. Figure 22' illustrates the influence of the depth of snow cover on the thickening of 
sea ice. It shows that with a 35-cm snow cover almost twice as many degree-days of freezing are 
required to produce 200 cm of ice cover as when there i s  only 10 cm of snow on the ice. 



CHARACTERISTICS .OF THE. COLD REGlONS 29 

Figure 23. Average number o f  days during the year in which water IS unnavigable. (From Bates 
and Bilel10.~) 

Figure 23' shows the area of ice cover and i t s  duration in terms of navigability for the cold 
regions of the Northern Hemisphere. As mentioned previously, navigability occasionally may be 
affected by i ce  jams and ice  covers produced by extreme low temperatures, some ten degrees of 
lalitude south of the 100-day isoline on this map. 

By taking advantage of open leads which develop in the ~ r i t i c  pack ice  and with the ass is tance 
of icebreakers and large icebreaker vesse l s  strategically located stations around the perimeter of 
the Polar Basin are receiving annual logistic support by sea. With under-ice navigation by nuclear- 
powered submarines proven feasible and continuing improvement in aircraft operational capabilities 
in the Extremely Cold Winter zone, the routine support and maintenance of Arctic- and Antarctic-based 
establishments, including those on floating i ce  islands, is now feasible. 
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Frazil and anchor ice 

When an ice cover develops on calm water in lakes. pools and the quiescent reaches of a 
stream, crystallization usually starts from the shore or solid objects projecting above the water 
surface. If the water surface is  not greatly disturbed, a stable ice sheet rapidly forms by outward 
growth from the initial region of crystallization. 

In turbulent streams and on lakes and the sea where the water surface is disturbed by wind 
and wave action and kept in contact with cold air, a layer of water several inches to several feet 
in thickness may be supercooled 0.01C to 0.3C. before freezing takes place. Under suitable condi- 
tions of turbulence and rate of supercooling, the morphological form of ice particles called "frazil 
ice" develops throughout the supercooled. layer. Initially frazil ice particles are disc-shaped with 
a lobate perimeter and are usually less than P.wm in diameter. They continue to form and to grow 
with some transition toward the crystal shape if the rate of supercooling remains fairly constant. 

GranboisZ5 found that frazil ice formed in the Susquehanna River, near Conestoga, Pa. only 
when the rate of cooling of the water was greater than O.0lC per hour. Kumai and Itagaki33 reported 
that the rate of growth of frazil ice particles in the laboratory was a function of the rate of cooling 
of the water and that discoids were formed when the water was supercooled to -0.3C. With super- 
cooling below 4.0C the ice crystals developed in the form of spicules. . Under natural conditions 
it i s  improbable that supercooling'below -0.3C takes place before frazil ice particles form. 

Frazil ice particles are very buoyant and under the turbulent action of stream flow or waves 
they remain in colloidal suspension down to several feet below the surface or even to the bottom 
of streams and shallow lakes. In rivers this can clog hydroelectric plant and water supply intakes 
and lead to the formation of major ice jams which may cause heavy upstream damage by flooding 
and downstream damage to bridges, piers, levees and jetties. SchaeferS6 computed the frazil ice 
concentration on the Mohawk River in New York in 1950 to be lo6 particles per cubic meter. This 
would rapidly clog the trash racks at a hydroelectric installation. Williams6' reports frazil ice 
from 1 to 14 ft thick floating beneath the ice surface on Lake Michigan. This frazil ice probably 
was formed in open water and carried under the sheet-ice cover by wave action and currents since 
most authorities agree that frazil ice does not form, per se, under an ice cover. 

Since the water in which frazil ice is  forming or in which it is being transported in suspension 
remains slightly supercooled, wood, metal, stone and other objects in the water will have a surface 
temperature at or slightly below freezing. . This leads to the adherence and eventual build-up of 
frazil ice into a cohesive mass on underwater objects and on rocks in the river bed. This form of 
submerged ice is called anchor ice.* 

Unless it is continuously removed by mechanical or thermal means, frazil ice will accumulate 
on the intake trash racks or wicket gates of a hydroelectric power station and choke off the water 
supply to the generators. : Granbois2' describes some of the control methods used at hydroelectric 
in\stallations on the Susquehanna River, including a system for injection of steam into the stay 
vanes of the turbine distributor ring to melt the frazil ice which passes through the trash screen. 

The formation, accumulation and damage caused by frazil ice on a comparatively small stream 
in the Cold Winter zone are shown in Figures 24-27. Figure 24 shows the power plant and dam of 
the North Counties Hydro-Flectric Company at Dayton, Illinois, on the Fox River near Chicago, in 
June 1961. The blockage of the channel below the dam by frazil ice and the diversion of the 

* That outgoing long wave radiational heat loss  through the water causes the growth of anchor ice i s  a wide- 
spread but erroneous idea. See Chapter V of Ice Engineering, by H.T. Barnes, for field reports on anchor ice. 
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Figure 24. The powerhouse and dam of  the North Counties Hydro-Electric Co. 
on the Fox River, near Dayton, Illinois, where frazil ice jams have occurred. 

(Photo, June 1961, by  R.W. Gerdel.) 

stream through a residential area in January 1961 areshowninFigure 25. The inundation of the 
powerhouse below the dam by the agglomerated mass of frazil ice and the block-like disintegration 
of the ice mass when rising temperatures and rain increased the stream flow in early February 1961 
are shown in Figure 26. 

The Fox River at this point i s  615 ft wide and the dam is  26 ft high. The roughness of the 
channel (Fig. 24) and the downstream bridge (Fig. 25), which was severely damaged by the ice, 
contributed to the formation of the jam of froth-like, sintered frazil ice which reached a height of 
40 ft between the dam and the bridge before the jam started to disintegrate. There was about 
42,000.000 ft3 of frazil ice in this jam which extended downstream for 5 miles. Meteorological 
records indicate that similar ice jams have occurred along this stretch of the Fox River at least 
four times in the past 50 years. Massive frazil ice jams are an annual occurrence on some streams 
in Russia. An accumulation on one of these streams of 20,000.000 ft3 of frazil ice per mile has 
been reported. 

The many investigations which have been conducted on frazil and anchor ice in Russia 
(Altberg! ProskuryakovSo), the Scandinavian countries ( D e ~ i k : ~  Zo N ~ b r a n t ~ ~ ) ,  Canada (Williarn~:~ 
Michel4O 41), Japan (Kumai and Itagaki") and the U.S. (S~haefer:~ CranboisZ5) attest to the universal 
distribution sf the frazil ice problem throughout the cold regions, 

Although major emphasis has been placed on the study of frazil ice in connection with hydro- 
electric installations, navigation may be affected also by reduction i n  channel capacity and normal 
lock operations on major waterways and canals. :Any effort to extend the navigation season on 
major waterways in the cold regions requires that due consideration be given to the mechanics and 
economics of frazil-i ce control. 
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Figure 25. Frazil-ice accumulation in  the channel o f  the Fox River, ill., in  J a n u w  1961. North 
Counties Hydro-Electric Co. plant at right and dam just out o f  picture at bottom. Bridge at 
upper center was severely damaged and many homes at l e f t  of photograph were totally destroyed 
when the i ce  jam reached a height o f  40 i t  neatcenter o f  pictqre. (Airphoto by U.S .  Army Corps 

o f  Engineers, Chicago District.) 
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Figure 26. Frazil ice jam on the For River after warm weather and rain opened channel, February 
1961. , (Photo by R. W .  GerdeL). 

Figure 27. Block-like disintegration of  the Fox River frazil ice jam below the dam as warm weath- 
er and rain opened channel, February 1961. ,(Photo by R.W. Gerdel,), 
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FROZEN GROUND 

Seasonal freezing 

An arbitrarily selected depth of seasonal frost penetration into the ground is a generally 
accepted engineering criterion for identification of the cold regions boundary. Bates and BilelloS 
prepared a map (Fig. 28) on which the southern boundary of the cold regions of the Northern 
Hemisphere is defined by the 1-ft depth of frost penetration. , h preparing this map these authors 
used a mean of 100 degree-days of freezing as an index to frost penetration of 1 ft and an occur- 
rence of one in 10 years to  identify this southern boundary of the north cold regions. 

Figure 28. The distributi.on o f  seasonally frozen ground and permafrost in the Northern Hemisphere. 
(From Bates .and Bilello'J 
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Figure 29. Determination of freezing index by  cumulative de- 
gree days. ,(From Freezing Index in the United States, U.S. Army 

Corps of Engineers.), 

Since the actual depth of frost penetration is not regularly observed as are  the standard 
meteorological elements, and since the freezing temperature of soi ls  varies through several de- 
grees, depending upon the mineral, organic and water content, a freezing index is most frequently 
used as a measure of potential frost penetration into the ground. The most commonly used freezing 
index, derivable from regularly available meteorological data, is based upon the number of degree- 
days between the highest and lowest points on a curve of cumulative degree-days versus time for 
one freezing season. The degree-days a s  used in this freezing index is the sum of the departure 
of one degree per day in the daily mean temperature from 32F. Degree-days are minus when the 
mean daily temperature is below 32F and positive when i t  is above 32F. The number of degree-days 
in any one day is the actual difference between the mean temperature for that day and the  reference 
base of 32F. For some purposes, lower or higher reference bases  may be used. Several other 
methods have been used to  derive the cumulative degree-day value for computing the freezing index; 
some of these are described in ref. 15. Figure 2915 shows how the cumulative degree-day curve is 
used to derive the freezing index for Caribou. Maine. .Maps showing the distribution of mean freezing 
indexes for Canada, Alaska, Greenland and northern Eurasia are  presented i n  ref. 16. 

The application of the freezing index to  the estimation of frost penetration into the ground is 
complicated by the many other factors which affect surface heat losses  and thermal conductivity. 
The  structural and textural composition of the  soi l  and moisture;content have a marked influence on 
the penetration of the freezing isotherm and on actual freezing of the water in the soil. The  insula- 
tion effect of vegetation and snow cover reduces the depth of &ost penetration. Under a pavement 
from which snow has  been removed during the winter months, freezing may penetrate to a depth twice 
as great a§ in the adjacent brush or snow-covered fields. The average depth of frost penetration 
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under different types of surfaces  and ground cover a t  Duluth, which h a s  a freezing index of about 
2900, is shown in Table  In that area, frost penetrated to  69 in. under a concrete pavement but 
to  only 30  in. where a 3-ft snow cover insulated the  ground. 

Table 11. Frost depths for Duluth, Minnesota, U.S.A.24 

Frost depth 
(in.) 

Bare concrete on sandy soil  
Bare asphal t  on  sandy soi l  
Bare sandy soi l  
Grass  on sandy soi l  
1 ft  of snow on g ras s  and sandy 5 

Brush cover on sand. no snow 
Brush and 1 ft  of snow on sand 
2 ft  of snow on sandy soil  
3 ft of snow on sandy soil  

In general, for a so i l  of uniform texture and moderate moisture content. frost will penetrate 
about 1 ft  for a freezing index of 100 and 6 t o  8 ft  where the freezing index is 5000. T h e  frequency, 
amplitude and duration of freeze-thaw cycles,  the capacity of the surface for absorbing and retaining 
solar  radiation, and the infiltration of rain and melt water are factors which influence the depth of 
seasonal  frost penetration. The  use  of the freezing index in the development of design criteria for 
road construction, ut i l i t ies installation or foundations in the region of seasonal  freezing requires a 
thorough understanding of t he  local  environment. The  influence of any proposed construction and 
maintenance practices must be taken into consideration also. Evansz4 shows that the removal cif 
vegetation and the plowing of snow off the  shoulders of a road will lead  t o  deeper frost penetration 
and possible freezing of water l ines  adjacent t o  the roadway a t  a normally sa fe  depth. Parking 
lots ,  replacing form,er buildings, may contribute t o  greater frost penetration and winter freeze-up 
of buried uti l i t ies which had not been previously affected. 

Heaving of piles, foundations and road surfaces a s  well a s  the freezing of buried uti l i t ies are  
recognized so i l  frost problems in  the Cold Winter zone. :Overland mobility of vehicles and of man 
on foot can be affected a l so  by the frequent freeze-thaw cycles  during the winter. : In  a freezing 
soil ,  moisture is drawn t o  th,e freezing front and after several  freeze-thaw cycles  the  moisture 
content i n  the surface layer becomes sufficiently high so ' t ha t  during a thaw period off-road 
trafficability may b e  greatly reduced and poorly constructed roads unable t o  support anything but 
the  most lightly loaded vehicles. 

Associated with the increased concentration of water near the so i l  surface is the  development 
of a frost phenomenon called ' heed le  ice." Troll6' describes needle ice a s  compact c lus ters  of 
fine, needle-like ice crys ta ls  formed in fine-grained, bare, or sparsely covered soi l s  by the  abrupt 
freezing of the surface. Nighttime radiational l o s s  of heat is the most common cause  of such  rapid 
freezing. T h e  c lus ters  of needles which s tand upright originate a t  t he  contact between a superfi- 
cial ly dried layer of so i l  and a very moist or wet underlying layer. A very thin layer of the  dry 
so i l  usually covers the top surface of the needles. Repeated freeze-thaw cycles  accompanied by 
continued growth of the needle-ice layer during each cycle  concentrate sufficient moisture in the 
so i l  surface t o  induce land slippage on s lopes  and cause  unpaved roads on heavy so i l s  t o  become 
impassable during l a t e  winter or early spring break-up. 
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Perennially frozen ground - "Permafrost" 

The  term permafrost was suggested by Muller4' in 1947 and has  become universally accepted 
t o  identify the cold regions phenomenon to  which such expressions a s  permanently frozen ground, 
ever-frozen ground, perennially frozen ground and permanently frozen soi l  have been applied by 
engineers and scientists. He defines permafrost a s  a thickness of so i l  or other superficial deposit  
or bedrock, a t  varying depths beneath the surface of the earth. In which a temperature below freezing 
has  existed continuously for a long time (two to  tens  of thousands of years). The  definition is based 
exclusively on temperature, irrespective of texture, degree of induration, water content or lithologic 
character. 

A readily drained soil ,  rock or boulder marltle may b e  frozen with l i t t le  or no ice present  in the 
voids. Such permafrost will not have the  hardness that  develops in an  ice-cemented material and 
will be readily excavatable. Water l ines  buried in such dry permafrost will freeze as quickly a s  
those instal led in  ice-bonded permafrost of the same temperature. Any construction or operational 
practice which will permit infiltration of water into the  dry frozen ground will produce the charac- 
terist ic  ice-bonded permafrost. 

A vegetation-organic form of dry, non-indurated permafrost may be  produced in the right kind 
of climate if an area of muskeg is drained- artificially, or by a lowering of the water table  through 
some change in the natural hydrology of t he  region. 

Permafrost is universal throughout the Extremely Cold Winter zone of the Northern Hemisphere. 
I t  is prevalent, although areally discontinuous, i n  the northern part of the Very Cold Winter zone. 
I t  is present, below the seasonal  freeze-thaw layer, a t  a depth of several  inches t o  8 or 10  ft and 
extends from a few feet to  a t  l ea s t  2000 ft  below the bottom of the seasonally frozen ground. Be- 
tween the southern limit of continuous permafrost and the northern limit of the region in  which only 
seasonal  freezing of the ground occurs there is a belt in which discontinuous permafrost is found. 
Figure 28, from CRREL Technical  Report 178: shows the distribution of the three frozen ground 
zones in the Northern Hemisphere. As might be  expected, there is a fair agreement between the  
three frozen ground zones and the three temperature-defined cold regions zones shown in Figure 1. 

The thickness, distribution and temperature of permafrost i s  not consonant with the present- 
day climate in many areas. In the  region where permafrost is discontinuous i t  often does  not 
re-form if disturbed. In the region of continuous permafrost i t  may not re-form to  the  original depth 
or acquire the same temperature following large scale disturbance. Since permafrost is predomi- 
nantly a rel ict  of the Ice  Age, i t s  as t r ibut ion  cannot readily be  defined by the  freezing index. I t  
does  appear that a freezing index of a t  l ea s t  7000 degree-days is required to  maintain a continuous 
permafrost regime. I t  is usually assumed that the mean annual temperature must be a t  l e a s t  3 C  
(26F) for permafrost to  exist. Borisov" s ta tes  that  the present climate of Yakutsk, Siberia, which 
has  less than 100 frost-free days  in a year, could not produce the permafrost conditions now present 
in that locality. T h e  freezing index for Yakutsk is estimated to be more than 8000 degree-days, 
based on records for more than 20 yesrs. . At the present time the permanently frozen layer of so i l  
extends t o  a depth of more than 400 ft  and the th ickness  of the annual freeze-thaw layer is a s  much 
a s  6 f t  in some years. 

In the  highlands of the Cold Winter zone, perennially frozen ground ex i s t s  far to  the south of 
the normally accepted limits for permafrost. On Mt. Washington, N.W., where the mean annual 
temperature is 27F, permafrost extends t o  a depth of 300 ft. islands of permafrost a re  found in the  
Rocky Mountains and a s  far south as the 38th parallel in t he  High Sierra of California: 

T h e  annual snow cover has a marked effect on the  distribution of permafrost. , O n  the west  s ide  
of James  Bay in Canada, where the annual snowfall is about "Iin., permafrost extends 200 miles 



CHARACTERISTZCS OF THE COLD REGIONS 

farther south than on the eas t  s ide  of the bay where the annual snowfall is 6 ft. According to  
Borisov:'. there a re  areas in northwest A s k w h e r e  permafrost does not exist ,  in spite of very low 
winter temperatures, due t o  the insulating effect of a deep snow cover. - In adjacent areas with 
similar temperature conditions but a negligible annual snow cover, permafrost extends to depths 
of 50 to  130m (160 to  425 ft). 

Permafrost underlies about one-fifth of all the land surface of the earth; most of i t  is in the 
Northern Hemisphere:': Three-fourths of Asiatic Russia and 45% of a l l  the USSR is underlain by 
permafr~st!~: The permafrost region of northeastern European Russia has  the most severe climate 
in Europe with not more than 100 frost-free days in the year and a mean annual low temperature of 
-58F. : Lack of precipitation in the summer and rapid evaporation of the small amount of moisture 
in the thin seasonally thawed layer inhibits plant growth. A mean maximum temperature of 90F in 
this barren, water deficient region makes the summer climate l e s s  endurable than the cold winters. 

Most of Alaska and a t  leas t  one-half the land area of Canada l ie within the continuous and 
discontinuous permafrost zones (Fig. 28). : In Alaska, the Brooks Range is the approximate dividing 
l ine between the region of continuous permafrost which extends northward to the Arctic Ocean, and 
the region of discontinuous permafrost, extending southward almost to  the Gulf of Alaska. 

The permafrost-dominated regime of the Northern Hemisphere is a region of tundra and barrens; 
of dense forests of shallow-rooted, stunted conifers, aspen and willow; of muskeg androck fields; of 
broad, shallow, silt-laden meandering streams, often with braided channels and steep cut-banks 
where the permafrost is exposed to erosion and thawing by flowing water; of myriads of small, 
shallow lakes with bog shores. These vegetational, geomorphologic and physiographic features 
impose a severe handicap on mobility. Tundra, a. marshy, treeless land covered with grasses,  
tussocks, mosses, lichens and dwarf shrubs. is frequently impassable during the thaw period. In 
the winter, when the tundra is solidly frozen, the hummocky surface and very shallow snow cover 
make overland movement possible, but slow and tedious. Muskeg, a bog-moss area underlain with 
saturated peat and usually with a high water table, is passable only to  semi-amphibious vehicles 
during the summer. When muskeg is solidly frozen, i t s  bearing capacity is sufficient to support 
heavy vehicles and during the winter months large tractor trains frequently operate on scheduled 
runs to supply many northern installations. 

In the region of discontinuous permafrost the surface of the muskeg may dry out sufficiently 
during the summer to create a thick insulating mat of fibrous peat which inhibits freezing during 
the early winter. A saturated;highly fluid, unfrozen layer. of peat often is entrapped between the 
permafrost layer and the unindurated surface, reducing wintertime trafficability t o  low-ground- 
pressure (LGP) tracked vehicles. 

Tundra and muskeg are  most common in the lowlands although they are both found on the 
plateaus or lesser slopes in the highlands. More common in the highlands are  the extensive rock 
fields; frost-riven, closely spaced, and usually sharpedged rocks cover large areas. Some rock 
fields are presently active, with frost riving and upturning a continuing process; other rock fields 
appear to  be  relict in nature, with no observable activity a t  the present time When active and 
located on slopes where some downhill movement may take place the rock fields are called rock 
glaciers. On more level areas they are frequently referred to as felsenmeer (or by translation rock 
seas). A not uncommon phenomenon in the rock fields is the presence of clear ice  a t  shallow depths 
below the rock surface. The ice,  occupying the voids between the rocks, does not melt during the 
summer. Rock fields with perennial, void-filled ice  are found on Mt. Washington, N.H., associated 
with the local alpine permafrost zone. The presence of permanent i ce  in these rock fields near the 
southern limits of the cold regions is attributed t o  theinfiltration of snow into the voids during the 
winter and the loss  of large amounts of heat from the rock surface by nighttime long-wave radiation 
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during the summer. The heavy cold air flows downward into the voids and because of lack of 
convective turbulence there is an accumulation of sufficient cold a t  depth to freeze percolating 
melt water derived from the small pockets of snow in the upper parts of the rock mantle, which may 
be exposed to  higher ambient temperatures during the day. The subsidence and storage of cold 
air in rock fields i s  called Balch ventilation. T h e  process is discussed in detail by Thompsonfo 
who conducted an intensive study of the rock fields of the Presidential Range of the Appalachians 
in New Hampshire. 

A dominant feature of the permafrost regions is the relief pattern network on the ground sur- 
face. . Characteristic surface configurations of polygonal form are common. Stone stripes, stone rings, 
hummocks, frost mounds, pingos and solifluction lobes are  not uncommon features but tend to be 
more localized. T h e  terms structural ground, structure soils,  cellular ground, fracture nets, 
polygonal ground and patterned ground have been applied by various writers to the characteristic 
surface features associated with permafrost. 

The polygons, which are the most common form of ground pattern, may have depressed centers 
or depressed perimeters. In winter, windblown snow accumulating in the depressions accentuates 
the pattern. The sharply etched patterns produced by wind action on a thin cover of snow are 
shown in Figure 30. During the summer, differences in color of the vegetation on the body, and the 
perimeter of the polygons make the patterns highly visible (Fig. 31). . On bare, rocky ground, .stone 
patterns produced by the sotting action of many freeze-thaw cycles are a characteristic part of the 
permafrost landscape. 

It is generally accepted that the soil polygons are  produced by tensional cracking of the 
ground a s  a result of volume reduction during freezing. : T h e  tensional crack pattern produced by 
freezing is similar to the desiccation crack pattern whichdevelops on exposed alluvial or 
lacustrine s i l t s  during a period of low water level and high temperature. : T h e  tensional crack or 
fissure produced by freezing may be, at first, only a few inches wide and a few feet deep. Snow 
accumulates in the fissure during the winter and melt water flows into the fissure during the sum- 
mer. Since summer thaw does not extend to the depth of winter freeze the melt water is frozen when 
i t  comes in contact with the frozen soil and, along with some of the entrapped snow, becomes an 
ice vein. The ice  vein becomes a zone of weakness which is reopened by further tensional crack- 
ing each winter. Over several thousand years, repeated contraction cracking and freezing of 
infiltrating melt water produces an ice  wedge which may extend to a depth of 20 ft or more on all  
s ides  of the polygon. Subsequently, a s  sediments wash into the fissure or soi l  slumps in Prom the 
edges of the polygon during melt periods, the ice  wedge may be covered by soil. 

In regions where patterned ground formation i s  no longer active, the ice-wedge remnant may be 
a t  considerable depth below the sediment and colluvial material filling the wedge. Where active 
formation of polygons may s t i l l  be in process, there may be only a very superficial cover of soil or 
vegetation over the ice  wedge. 

Ice-wedge casts ,  in which the ice  has been completely replaced by soil, are  found today in 
parts of the cold regions where permafrost is not now present. T h e s e  "fossil" i c e  wedges and 
polygonal ground patterns are presumed t o  be relicts or "fossils" of a periglacial permafrost 
regime. Jacksonz8 describes the Mima Mounds of southwestern Washington a s  the erosional relict 
of polygonal structured ground which formed in the area near Tacoma, Washington, during the l a s t  
ice age. There are more than a million mounds on -the Mima prairie, varying in height from 1 to  7 f t  
and in diameter from 10 to  70 ft. , Brunnschweilerl' considers the many "fossil" frozen ground 
structural forms in Washington, midwestern U.S. and the Appalachians to be periglacial phenomena 
of the Pleistocene. Church, PBwd and Andresen'' studied some large-scale patterned ground in 
Alaska a t  places where permafrost does not now exist. They considered the pattern to have been 
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Figure 30. Patterned ground on permafrost, North Greenland. . The polygonal patterns near 
center o f  photograph and the solifluction lobes and stripes at the lower l e f t  are accentuated 

by the thin cover o f  wind-drifted snow. (Photo by R.W. Gerdel.), 

formed by the thermal contraction crack process during a permafrost regime with replacement of the 
ice wedges by soil during the gradual degrading of the permafrost. Figure 32 illustrates their con- 
cept of ice wedge formation when the climate was cold enough to support permafrost and of the 
"fossilization" process, when the ice wedge was replaced by fine grained soil material and 
coarser slumped debris during a warming of the local climate. Borns" attributes similar ice-wedge 
casts of fine grained soil in Nova Scotia to a former permafrost environment. Such '"oil-wedges" 
have been studied in Siberia, also. 

Ancient or "fossil' ' stone rings on Cape Breton Island, Nova Scotia, and " fossil" stone 
stripes-and solifluction terraces at Petersham, Mass., are described by Raupll- These areas of 
patterned ground indicate that permafrost extended far to the south of its present limits during the 
Pleistocene ice advances. What i s  designated the Cold Winter zone in Figure 1 may have had a 
climate equivalent to the present Extremely CoId Winter zone immediately following recession of 
the Pleistocene glaciers. 
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Figure 31. Vegetation-accentuated patterns on permafrost. 

Permanently frozen ground i s  overlain by a layer of seasonally frozen ground, called the active 
layer. Some years the active layer, which thaws and refreezes annually, may not refreeze t o  i t s  
ful l  depth, leaving an unfrozen layer of so i l  between the top of the permafrost and bottom of the  
seasonally frozen layer. Th i s  confined layer of unfrozen soil ,  called talik, may contain water under 
considerable hydrostatic pressure. If the seasonal  frost layer is permeable or incomplete, water 
from the talik may flow out over the  ground and cause  massive icing. Heated buildings in Russ i a  
which prevented seasonal  freezing from sealing off the talik have been completely filled with ice 
when the inflow of water from beneath had made the building untenable. 

On slopes,  when a thawed, saturated active layer overlies ,highly impermeable permafrost, the 
so i l  may flow downslope producing solifluction ridges or lobes (Fig. 30). The type of pattern 
produced by solifluction depends upon the thickness of the thawed layer. type of soil ,  amount of 
water, type of vegetation and s teepness  of slope. 
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Figure 32. Schematic diagram illustratingice wedge formation lead- 
ing to development o f  soil polygons in permafrost and the subse- 
quent formation of fos s i l  wedges which maintain the characteristic 
pattern long after the permafrost has degraded. (From Church, e t  aC4) 

I 

Many types of frost mounds or ice mounds, t o  which the term pingo has  been applied, occur 
often associated with lakes  and dry lake  beds insome permafrost regions. They develop where a 
large supply of water flows under hydrostatic pressure beneath the permafrost or sometimes within 
permafrost-confined channels. The  water may reach the surface through some weakness or dis- 
continuity in the permafrost, and during the winter the continuous supply of water freezes into a n  
ice mound, usually thinly covered by fine-grained soil. Such mounds, 125 ft high and 800 f t  in 
diameter, have been observed in Siberia. 

Lachenbruchi6 Tsytovich and Sumgin:' and Church, PBwe' and Andresen'' present comprehensive 
discussions of the theories of formation of patterned ground and other surface features characteristic 
of the cold regions. - Troll6' d iscusses  the effect of different types of climate on soi l  morphology and 
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structure and points out that in the high tropical mountains where the freeze-thaw cycle i s  diurnal, 
the soil structural patterns are much smaller than in the Arctic where the freeze-thaw cycle i s  
seasonal. 

Permafrost, being extremely susceptible to small changes in the local environment, creates 
major engineering, maintenance and operational problems when man attempts to adapt temperate 
zone practices to a permafrost regime. Thaw beneath buildings creates foundation problems. When 
protected from the annual freeze-thaw cycle by unheated buildings and deep fills for roadways and 
airports, the permafrost may rise above the normal level. This interferes with normal flow of water 
in the talik and causes frost boils, heaving and major icing problems. D.A. Technical Manuals 
TM 5-852-1 to 8, issued by the U.S. army Corps of Engineers, Arctic and Subarctic Construction, 
and Department of the Army TM 5-349 (1962), Arctic Construction, comprehensively present the 
problems of coping with permafrost. 

ATMOSPHERIC PHENOMENA 

Greenhouse effect 

Climatologists agree that the more cloudy the northern summer, the greater is the rate of snow 
melt, glacier ablation and breakup of the ice cover on the Polar Sea. The increased melting of 
snow and ice i s  attributable to the "greenhouse effect" of the atmosphere. To quote from 
Vowinckel (1964):63 

"The atmosphere is nearly transparent for solar radiation, but most of the terres- 
trial radiation is  trapped by water vapor, carbon dioxide and clouds. Some of this 
absorbed heat is radiated back to the earth's surface. This process i s  generally called 
the ' ' greenhouse effect" of the atmosphere. One of the results i s  that the total long- 
wave radiation received at the surface is greater than the absorbed solar radiation as  
an annual average. Although this i s  apparent in all latitudes it i s  most pronounced in 
the polar regions." 

Vowinckel's studies show that the summer cloud cover over the Polar Seas reduces the loss 
of terrestrial radiation through the atmosphere to only 3% of the total long-wave radiation from the 
ground. This i s  probably the lowest loss ratio for long-wave radiation anywhere on earth. Similar 
atmospheric conditions over the land areas during the summer lead to high rates of ablation of the 
continental ice sheets and glaciers and to heavy runoff of melt water. Excessive surface deteriora- 
tion of the ramps from the coastal regions to the higher and dryer elevations of the ice caps lowers 
their trafficability and increases the problem of support of facilities on the inland ice. The surfaces 
of ice shelves, ice floes and ice islands deteriorate rapidly in early summer under the combined 
"greenhouse effect" and high ambient temperature, prohibiting the movement of vehicles and land- 
ing of aircraft for several months during the warm season. 

Refraction phenomena 

The strong, persistent inversions which are characteristic of the higher latitudes produce 
extraordinary refraction phenomena. Mirages are common, sha~ply defined, and frequently extensive, 
particularly in coastal areas. Explorers have reported large land masses where none exist. In the 
presence of two or more inversion layers, which is not uncommon in the Arctic, a mirage may consist 
of multiple or vertically elongated images which give a false impression of the height of coast line 
features and mountains. 
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An atmospheric refraction phenomenon variously referred to as terrestrial scintillation, :atmas- 
pheric boil and shimmer may influence object recognition and surveillance capabilities in the cold 
regions. Zesearch by Portman, Ryznar, Elder and N ~ b l e ' ~  showed that optical shimmer in a hori- 
zontal path above a snow cover may be greater than over any other type of surface. :Image distortion 
and apparent image motion is caused by a fluctuation in atmospheric density along the line of sight. 
The density fluctuation is the product of incomplete turbulent mixing of thermally stratified layers 
of air near the ground. Visual resolution deteriorates systematically as  the vertical temperature 
gradient increases. : Under clear skies, deterioration of resolution increases as windspeeds increase 
up to 5 mph and then improves with further increase in windspeed. :Optical shimmer is minimum and 
visual resolution optimum under low overcast. :However, low overcast above an unbroken snow sur- 
face creates the optimum condition for the atmospheric phenomenon called whiteout with the accom- 
panying lack of contrast and depth perception (see Reflection and luminance, below). Scintillation 
reduces the effectiveness of optical range finders operating within the visible or near-visible 
spectrum. 

Reflection and luminance 

When sunlight is diffused through an overcast with multiple reflection between the cloud base 
and a continuous snow cover the environment becomes almost uniformly "whitened," a condition 
in which there are no shadows and visual orientation is difficult. This i s  called whiteout. In a 
typical, full-scale whiteout, under a continuous overcast there is a total lack of contrast between 
the sky and the snow surface. Since there is  no horizon usable for reference, the judgment of 
distance is limited to a few feet although actual horizontal visibility of dark objects i s  not materi- 
ally reduced. The diffused light obliterates all surface features so that drifts, wind etchings, foot- 
prints and tracks produced by sleds or vehicles are not visible. The reduction in visual contrast 
may be sufficient to cause a man to stumble over a %in. "mountain" or into a 2-inch "gully,'! 
as one polar explorer remarked. Figure 33 illustrates the conditions typical of a whiteout on the 
polar ice sheets. A similar condition can occur on ice-covered lakes or the sea when there is  an 
unbroken expanse of snow cover. 

Only a small break in the cloud cover i s  required to produce some improvement in contrast or 
to make the horizon visible and thereby improve ground and air-to-ground visibility. Since most 
low stratus clouds associated with whiteouts are supercooled, cloud dissipation by suitable 
weather-modification techniques will often successfully alleviate whiteout conditions. 

Contrary to a somewhat common assumption, the color of an object does not affect its visual 
range in whiteout. Middleton'' states that the color contrast between an object and its background 
falls below the chromaticity threshold when the distance between the observer and object approaches 
the visual range limit. KastenZ9 30 3' as well as Middleton'' disproved any effectiveness of colored 
trail mcr~ers, colored paints and color-tinted glasses as aids to improved visibility during whiteouts. 
A s  distance increases, colored objects appear grey long before they merge into the background and 
become invisible. 

The high albedo of snow- and ice-covered areas produces a background of very high luminance 
under clear skies. The high luminance may contribute to an increase in contrast between an 
observable object and the background with som3 improvement in visual range and recognition. 
Atmospheric boil or scintillation may, however, so attenuate details that any improvement in con- 
trast may be more than offset by the loss in resolution. In non-turbulent, clear air the absolute 
visual range maximum is attained with a black object against a white background. :In nature there 
is no whiter background than a new snow surface. Any dark, non-reflective object which does not 
lose its "blackness" by reflecting light from the surroundings will be highly visible with a snow 
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a. Example o f  typically clearday. Note presence o f  horizon, high contrast o f  surface features, 
tractor swing elements and all parts o f  the aircraft. 

b. Onset o f  whiteout with light dif fusion and loss  o f  shadow e f f e c t s .  

c. Complete whiteout with no horizon and all surface features obliterated b y  full spatial d i f fu-  
sion o f  light. 

Figure 33. Whiteout development on t4e Greenland Ice Cap. (Photqs.by R.W. ~ e r d e l . )  
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background. A dark olive-colored tent or a vehicle painted the usual olive or dark green color are 
examples of objects which are essentially black when viewed against a snow background. Very 
white or bright objects with a high albedo will reflect light and blend into a snow-covered back- 
ground. Moving light-colored objects are more readily detectable than stationary ones. When the 
sun is behind the observer the object may be l e s s  readily detected than when the sun is behind the 
object being viewed. This  is due, in part, to the mixed contrast effect produced by the lower 
reflectance of the snow surface in the shadow created on the snow surface by the object. Over 
snow or ice, from the air or ground, under conditions of high surface albedo and high luminance, 
improvement in visual acuity may be achieved by making observations over the widest possible 
angle. 

Obscurants 

Water fogs, ice fogs and blowing snow are the most common obscurants which reduce visibility 
in the cold regions. Steam fogs occur over open leads  on the Arctic s e a  at a l l  seasons  but are 
most prevalent during the summer and often create a navigation hazard. Sea fogs  and low stratus 
flowing in over coastal  areas impede both air and ground transportation in the Arctic during the 
summer months. At higher elevations radiation and advection fogs may persist for several  days, 
immobilizing a l l  surface and air movements. As low fogs, they are additive in their effect on re- 
duction of visibility and target recognition during wh'iteouts. . Figure 34 shows the effect on 
visibility of a fog over the snow surface. . I t  should be  compared with Figure 33 which shows the 
visual conditions in a typical overcast whiteout. 

The atmospheric conditions associated with i ce  fog have been discussed in the  section on 
temperature inversions. They are most common during the dark period of the Arctic winter when 
the essential  extreme low temperature conditions prevail for several  days. Ice  fogs may vary from 
a light fallout of minute i ce  crystals, called diamond dust, t o  a dense man-made fog caused by 
pollution of the atmosphere with water vapor from automobile exhaust and residential and industrial 
effluents. According to K ~ m a i : ~  a dense i ce  fog over Fairbanks, Alaska, during a period when the 
air temperature was about -40C was sustained by a water supply of 600 kg/min (1300 lb/min) 
delivered t o  the atmosphere from local residential and industrial heating plants and automobile 
exhaust. Visibility during such an i ce  fog may be  reduced to  a s  l i t t le a s  10 ft. The particles 
may consist of well-formed i ce  crystals or spherical crystals with only rudimentary faces. When 
well-formed hexagonal or columnar ice  crystals predominate there is a spectacular scattering of 
light in an ice fog. Vertical and horizontal rays extend from automobile headlights and street  lights. 
The  scattering of light by the crystals makes estimation of distance almost impossible. 

Figure 34. Attenuation of  visibility by fog. I n  this .photograph the fog i s  a physical obscurant,. 
additive to an optical whiteout illustrated in Figure 33. (Photo by R.W. Gerdel.) 



Due to  their small size,  about 2 to 20 microns average diameter, i ce  crystals fall  very slowly. 
With an  increasingly available supply of water vapor and nuclei a s  products of combustion in 
densely inhabited areas during extremely cold weather there is a continuing concentration and 
increase in  density of the ice  fog which usually will not fully dissipate until the atmospheric tem- 
perature r ises  above OF. The crystals may sublime into a warmer air or they may aggregate. 
growing into snow crystals with sufficient mass to fall out. 

At high elevations there i s  a form of i ce  fog which develops a t  comparatively high tempera- 
tures. : It is usually associated with hoarfrost or rime formation at a few degrees below freezing. 
The  crystals suspended in the air appear to  have been originally formed a s  frost or rime on trees 
or other objects exposed t o  a supersaturated orsupercooled saturated air, and cooled by long- 
wave radiational heat loss. Some of the crystals appear t o  be s o  lightly attached that only a light 
breeze is required to  scatter them through the air creating a condition similar t o  the diamond dust  

Figure 35. Attenuation of  visibility by blowing snow. In this photograph the diffusion o f  sun- 
light i s  additive to theobscuration caused by the blowing snow. (Photo by R.W. Gerdel.) 
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fallout of the high Arctic. The  small  c rys ta ls  frequently adhere to  the  windshields of automobiles 
traveling over a mountain pass ,  creating a visibility problem far greater than their actual  mass  in 
the atmosphere would imply. Frequently these  high-temperature ice-fog crystals  are sufficiently 
tenacious t o  cause  icing similar t o  that occurring during a freezing rain. 

Blowing snow is an atmosphere-borne obscurant, rising to  eye-level, common to  all parts  of 
the cold regions. Reduction in visibility by blowing snow may occur during a snowstorm, or when 
recently deposited, unconsolidated snow is lifted from the surface by high winds. The  reduction 
in contrast and visual  acuity during a blowing snowstorm i s  shown in Figure 35. As shown in th is  
photograph, the presence of objects  which may channel the wind and increase the  velocity aggra- 
va tes  the condition. The  usual  combination of blowing snow and low temperature with extremely 
high winds results  in almost total immobilization of a l l  forms of transportation. Heavily populated 
metropolitan areas are a s  susceptible t o  traffic de lays  caused by blowing snow a s  are the  highways 
through mountain passes.  Tractor swings carrying supplies t o  industrial and military facil i t ies in 
the far north may be stal led for days, waiting for the end of a blowing snowstorm and improvement 
in visibility. 
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