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Snow Density and Climate

G. P. Williams, JRELC.* and L.W. Gold*

This report summarizes the dala that have been collected on snow
density since 1947 from selected observation stations across Canada.
The relationships between snow density and meteorological variables,
particularly wind velocily and air lemperature, are discussed.
From these snow density data, the tnsulating value of snow covers
for different regions in Canada are lisled.

INCE 1947 DATA on several snow characteristics have
been obtained from selected stations across Canada
under the auspices of the Associate Committee on Soil and
Snow Mechanics and through the co-operation of the
Division of Building Research, National Research Couneclil,
the Meteorological Division, Department of Transport,
and a number of private companies. The snow observations
were taken in wooded arcas protected from wind and in arcas
where the snow cover was exposed to wind action. TFigure 1
shows the location of these snow survey stations.

Snow density was onc of the characteristics measured with
the Standard Snow Kit described in a paper by Klein, Pearce
and Gold.! Snow densitics were obtained by Inserting ¢
250 ¢.c. sampler horizontally into the snow profile and weigh-
ing the snow sample so obtained. Samples were taken in the
different snow layers from the ground to the snow surface at
weekly and twice-monthly intervals. This report analyses
these snow density observations and shows how snow density
varies across Canada. In addition, the relationship between
snow density, thermal conductivity of snow, heat flow from
the ground and climatic factors will be discussed.

There have been several stucics 456 on the thermal con-
ductivity of snow covers. Alinost all the formulae developed
indicate that thermal conductivity is some funetion of snow
density. This is understandable as loose snow contains
more air spaces than dense, compacted snow. Since air is a
poorer conductor of heat than ice, any increase in the
quantity of the air in the snow brings about a decrease in the
thermal conductivity.

Unfortunately, there have been few studies of snow
density on a regional basis. Dmitrieva’ has reported on
snow density on a regional basis in the U.S.S.R. but his
findings do not nccessarily apply to North American con-
ditions. Gold and Pearce® reported on snow characteristics
across Canada in 1930 and included some observations on
snow density. Gold and Williams?® presented some informa-
tion on snow density to the 13th (1956) annual meeting of
the Eastern Snow Conference. These contributions do not
present, in convenient form, specific information on snow
density which would be of value to an engineer in such
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problems as snow clearing, snow loading, and heat exchange
at the ground surface. '

The Relationship between Snow Density and
Meteorological Variables

The form of snow crystals which arrive at the ground is
dependent on the history of the erystal in the air. ¢t Since
the major portion of the development of the crystal occurs in
clouds well above the ground, there need be little correlation
between meteorological conditions which exist at ground
level and the properties of the falling snow. In mountainous
regions, where the precipitating cloud is much closer to the
observation level, some correlations have been  de-
tected.terz1s - Although meteorological conditions at- the
ground may not he related to the properties of the snow
while it is still in the air, they are very important in deter-
mining how snow particles are deposited.’* Of the meteoro-
logical variables that are measured, wind velocity and air
temperature appear to be the dominant factors affecting the
formation of the cover.?

Onee the snow is deposited, the thermo-dynamic process
involving the snow particle reverses from one of growth to
one of decay, called metamorphism. Under the influence of
a continuously changing environment, the physical pro-
perties of the snow modify. Temperature, gradients of
temperature, pressure, gradients of pressure, all act on the
snow to produce a mass movement appearing in the solid,
liquid or vapour phase.’* The resulting continuous change
in the physical propertics such as density is particularly
noticeable in the upper layers of the cover. At a depth of
20 em. reasonable stability is achieved.® Meteorological
factors determine the environunent in which the metamorphic
process is oceurring.

If correlation could be established between snow eover
properties and meteorological factors, the problem of deter-
mining snow characteristics and particularly snow density
would be greatly simplified. Then from the comparative
abundance of meteorological data it would be possible to
determine specific properties of a snow cover for areas where
density measurements have not been taken.

Many difficulties complicate the problem of relating snow
cover characteristics to climate. In any one arca meteoro-
logical factors vary from year to year. TFurther variability
is introduced by the influence of topography, vegetation, and
other factors intimately involved in the formation of: the
cover. This variability makes it difficult to assign average
values to the propertics measured. Tor example, wind
velocity, temperature, humidity, ete. measured at a site may
not be representative of the average wind velocity, tempera-
ture, humidity, etc. which exist at the time of measurement
over the observation area.



A further difficulty’ is- whether the weather data, usually
recorded as averages, are truly representative of the weather
which influenced the snow cover.  For.example, in a single
month' one major storm with- high winds might be the
dominant factor affecting the snow cover characteristics for
that month: "The average wind velocity recorded for the
month might: not be representative of the wind velocities
which occurred during the storm: Another example would
be the cffect of a single day of freezing rain or thaw which
would have an influence on the snow cover not reflected
in the monthly average temperature values.

The Relationship between Snow Density and a
Weather Index

To overcome some of the difficulties associated with site
and climatic variations, only data collected during months
of continuous cold at stations with exposed sites were used
to determine the first relationships to be presented. Since
wind velocity and temperature appear to be the dominant
factors in the formation of the cover, these clements only
were used to calculate an index of the climate.

The air temperature and wind velocity data were com-
bined into a weather index. Attempts to relate air tempera-
ture or wind velocity separately to snow density failed to
show significant results. The monthly air temperatures were
divided into six classes: +25°F. to +15°F.; +15°F. to +5°F.;
+5°F. to —5°F.;—5°F. to —15°F.; —15°F. to —25°F.;
—25°F. to —35°F. which covered the range of monthly air
temperatures encountered. The monthly average wind
veloeity was divided into six classes: 0—5, 5—10, 10—-13,
15—20, 20—25, 25—30 m.p.h., which covered the range of
wind velocities encountered. The weather index was made
by adding the class numbers of wind velocity and tempera-
ture. For example, if the average monthly air temperature
was 0°F. it would fall in class 3 (+5°F. to —3°F.). If the
average monthly wind velocity was 8 nm.p.h. it would fall in
class 2 (5—10 m.p.h.). The weather index for this month
‘was the sum of the two classes which in this case equals five.

Every month was assigned a weather index, which could
be compared to an average monthly density. Figure 2
plots the average monthly density of the layer lying between
4 in. and 12 in. from the snow surface, against the monthly
weather index for exposed stations. It is seen that though
there is a considerable spread in density values for any
particular index a correlation does exist between these two
variables.

When the monthly averages were calculated for sheltered
stations and plotted against the weather index for the month,
little correlation was found. This is because most of the
sheltered stations are located in a part of Canada subject to
weather fluctuations that produce melting and rain. This
factor plays a major role in determining the characteristics
of snow cover.

Both air temperature and wind velocity appear to in-
fluence snow density. Tor example, density values at Old
Glory Mountain, British Columbia, and Resolute, N.W.T.,
are comparable. Yet in a typical year the average winter
temperature at Old Glory Mountain can be 25°F. to 30°F.
higher than the average winter temperature at Resolute.
However, the average wind velocity at Old Glory Mountain
is almost double that recorded at Resolute. When the two
factors of wind velocity and air temperature are combined
into an index, the two stations have comparable weather
indices.

It is not clear how temperature enters into the relation-
ship.. Bossolasco!? has shown that the density of the snow
decreases with decreasing temperature from 0°C. to —15°C.
and then reverses this trend for temperatures below —15°C.
It may be that the temperature is not the real variable
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involved, but merely an indicator of other processes.” For
example, the low temperatures that oceur at Resolute or on
the Prairies.may be associated with the many snowfalls con-
tributing less than one inch per snowfall to the snow cover.
A snow cover built up in such small steps would have greater
opportunity to be thoroughly worked over by the wind.
Stations with higher average temperatures are likely to have
snowfalls which contribute a considerable amount to the
cover.

Snow Density Variation across Canada

In order to present more specific information on snow
density, all the density values from depths 0 to 36 in. from
all stations were analysed statistically.  Table I shows
calculated values of mean density, standard deviation, and
the number of density observations at each snow survey
station. With the wide variation in atmospherie conditions
across Canada it is not surprising to find a wide variation in
snow density values from station to station.

The mean densities at Old Glory, Resolute and Churchill
are 0.369, 0.356 and 0.325 respectively. As snow density is
apparently inereased by cold temperatures and wind, it is
not surprising to find the highest density values at Resolute
and Churchill, in northern Canada, and at Old Glory
AMountain (7,000 ft. level) in southern B.C. Melting tem-
peratures during the winter season can also increase snow
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Fig. 1. Map showing the locations of snow survey observa-
tion stations.

Table I. Calculated Mean Density and Standard
Deviation for Snow Survey Stations shown on Fig. 1

Mean Standard
Number of Density Deviation
Observations  (gm/cm.?) (gm/cm.?)
FExposed Stations
Winnipeg 69 0.279 0.050
Aklavik 93 0.242 0.053
Resolute 261 0.356 0.052
0Old Glory 92 0.369 0.070
Ottawa 48 0.275 0.076
Moosonee 102 0.242 0.063
Whitehorse 65 0.254 0.056
Edmonton 42 0.224 0.045
Shellered Slations
Fort Churchill 92 0.325 0.108
Goose Bay 110 0.243 0.068
Maniwaki 82 0.233 0.073
Forestville 82 0.237 0.077



density as cvidenced by the comparatively high mean of
0.275 at Ottawa, The mean values at the rest of the stations
ranged from a high of 0.279 at Winnipeg to a low of 0.224
at Edmonton. :

The standard deviation is generally higher at sheltered
stations than at exposed stations. The standard deviation
is not only a measure of snow density variation but it is
probably also a measure of the variability of winter climate.
For example, the stations in castern Canada—Goose Bay,
Maniwaki, Forestville, and Ottawa—show a higher standard
deviation than in northern and western Canada. Winnipeg,
Edmonton, Resolute, Aklavik, and Whitchorse have almost
equal standard deviations.

Insulating Value of the Snow Cover

Most investigators have found that the thermal con-
duetivity, K, of snow varies directly as the square of the
density. Using Abel’s’ formula (X = 0.0068p* where p is
the snow density) the mean density data, and the mean
density plus or minus the standard deviation, values for the
mean thermal conductivity, and the limits between which
the thermal conductivity would lic 70 per cent of the time,
were calculated for locations across Canada. These figures
are tabulated in Table IT.

During the 1953-56 winter, observations made at Ottawa

Table II.
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Fig. 2. Weather index related to monthly density values at
exposed stations across Canada.

Insulating Value of Snow Covers Aeross Canada

Calculated Values for Coefficient of Thermal Conductivity of Snow

K* mean K* max. K* min.
Cal. B.t.u Cal. B.tu. Cal. B.tau.
° . o, o . oh 01' 2°F.
- emnion msec. ft'zin‘ sec. CILEo T sec. ft.*7 —sec.  cm.P - sec. ft. T, Sec
Exposed Stations
Winnipeg. ............ ... .. ..., 0.00053 0.00043 0.00074 0.00059 0.00036 0.00029
Aklavik. ................. ... ... 0.00039 0.00031 0.00059 0.00048 0.00024 0.00020
Resolute. ................ .. . ... 0.00086 0.00069 0.0013 0.0011 0.00063 0.00051
OldGlory....................... 0.00093 0.00075 0.0013 0.0011 0.00061 0.00049
Ottawa.......................... 0.00052 0.00042 0.00084 0.00068 0.00027 0.00022
Moosonee. .. .................. .. 0.00039 0.00031 0.00063 0.00051 0.00022 0.00018
Whitehorse. . .................... 0.00044 0.00034 0.00065 0.00053 0.00027 0.00021
Edmonton....................... 0.00034 0.00028 0.00049 0.00040 0.00022 0.00017
Sheltered Staiions
Fort Churchill. ............... ... 0.00072 0.00058 0.0013 0.0010 0.00032 0.00026
Goose Bay....................... 0.00040 0.00032 0.00066 0.00053 0.00021 0.00017
Maniwaki....................... 0.00037 0.00030 0.00064 0.00052 0.00017 0.00014
Forestville.. ..................... 0.00038 0.00031 0.00067 0.00054 0.00017 0.00014
* K = .0068p2 cal./cm.2/°C, sec.
gave the following values for K: accumulate to reasonable depths and wind action is greatly
K reduced. In forest regions snow becomes a very effective
Snow Density p °C. insulator: it is not unusual for the ground to remain unfrozen
gm. Jem.s  cal/em?. sec. or ice cover on lakes and rivers to be poorly developed when
en. the snowfall is appreciable and the snow cover develops
0.20 3.24 % 101 early in the season. In practice, reasonable values of the
0.25 438 X 104 thermal conductivity of snow in cal./em. °C. sec. would be

These values, caleulated from a number of observations
taken over two-week periods in February when the ground
surface temperature was constant, agree within 20 per cent
with the figures calculated using Abel’s’ formula.

Observations on snow density and snow depth show that
higher densities (except for mountainous regions) are usually
associated with shallow snow covers and extreme wind and
temperature conditions (i.e., prairies, arctic barrens). The
combination of these factors are favourable for maximum
heat exchange from the ground to the air. Therefore, the
ground frost problem is many times more severe in these
areas than in the tree-belt region where the snow can

a minimum of 1.7 X 10-* and a maximum of 6.5 X 10-4,
except for exposed locations such as on the Prairies, in the
Arctic or on high mountains where values would range from
a minimum of 6.0 X 10-¢ and a maximum of 13.0 X 10-%.

Conclusion

The structure of the snow crystals which arrive at the
ground and the thermodynamic processes which take place
within a snow cover are largely determined by meteoro-
logical factors. However, the problem of correlating
meteorological factors with snow density and other snow
properties is complex and unlikely to be exactly determinant.
The data shown in Figure 2 and Table I can be used to make



& rough estimate of the range of snow densities‘likely: to be
encountered under Canadian conditions:

Other properties of the snow cover, such-as hardness and.

thermal conductivity, are directly related to the density and
thus. indirectly ‘to meteorological factors. - The hardness
observations: made in'the snow survey have been analysed
and correlated :to. the density.'® Utilizing the results: of
.other workers; limits have been suggested for the thermal
conductivity values of ‘normal snow: covers. . Continued
observations’ should  improve these correlations between
snow properties and climate,

The thermal regime of the ground is determined by the
heat exchange processes which occeur at the surface and is
thus intimately related to the over-all climate. A study of
meteorological factors and how they influence the ground
surface, including the snow cover, thus becomes of greater
significance as Canadian development proceeds northward.
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