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INTRODUCTION

In the prairie regions of Western
Canada a considerable portion of the
annual precipitation occurs as winter
snowfall. The success of dryland agricul
ture in this region is highly dependent on
the moisture obtained from snowbelt and

stored in the root zone as a supplement
to the usually inadequate summer preci
pitation. The winter precipitation remains
on the soil surface as snow until that

period of the spring when melt occurs,
and at that time all of the accumulated

moisture becomes available for infiltra

tion and runoff in a relatively short
period of time, usually two or three days.
Soil and climatological conditions exist
ing at the time of snowmelt, determine
how the water produced from snowmelt
will be distributed between infiltration

and runoff.

The soil on the Canadian prairies,
immediately prior to spring melt, will be
frozen to a depth of 5 feet (1.5 metres)
or more, thus infiltration must occur into
a frozen soil profile. The volume of water
that infiltrates the soil will depend on soil
moisture conditions which existed at the

time of freeze up and on the heat supply
at the soil surface during the melt period.
For significant infiltration to occur suffi
cient heat must be available to produce
water from the snow pack and there must
be an adequate transmission of heat to
the soil to prevent refreezing and thereby
sealing of the soil pores. As the amount
of heat available to the soil is increased,
soil thaw will occur, freeing more soil
pores of ice and resulting in increased
infiltration.

The rate of infiltration to frozen soils

will be dependent on the conditions
which prevail at both the time of freezing
and the time of thawing. Three different
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infiltration characteristics could be pre
dicted as follows (1):

(1) A low intake rate, reasonably con
stant with time, resulting from high
moisture levels at the time of freez

ing and slow or negligible soil thaw
during the snow melt period.

(2) An increase in infiltration rate with
time occurring when the soil was
frozen at high moisture levels and
when there is sufficient heat available

to cause soil thaw in conjunction
with snow melt.

(3) A decrease in infiltration with time
occurring when the soil was frozen at
low moisture levels and there is insuf

ficient heat supply to prevent re-
freezing of the infiltrated water from
snow melt.

In the prairie region where nocturnal
radiation losses during the melt season are
normally sufficient to refreeze all or a
portion of the thawed soil, the infiltra
tion for a given season will be governed
primarily by the rate of heat supply and
secondarily by the soil moisture condi
tions prevailing at the time of freeze up.
The work herein described was under

taken to delineate and define some of the

major factors affecting infiltration from
melting snow packs in the prairie environ
ment. These factors include the reflection

coefficient of snow, heat transmission
through snow and infiltration rates in
frozen and thawing soils.

THEORY

Snow Albedo

The heat available to cause snowmelt
includes: direct solar radiation, turbulent
heat exchange, conduction from air and
soil, and precipitation. Solar radiation
represents the major source of heat
supply, and since a considerable portion
of this may be lost by reflection, an
understanding of the changes which occur

in the albedo of a snowpack with time is
extremely important in understanding the
mechanics of infiltration into frozen soils.
The albedo of a snowpack varies over a
wide range; newly fallen snow may reflect
80% or more of the incident short wave

radiation while an old ripe granular snow
pack may reflect as little as 40%. Conse
quently, reflectivity plays a very im
portant role in the melting of the snow
pack. Figure 1 illustrates the variation in
albedo of a deep well drained snowpack
based upon heat index (2). The albedo of
the pack is primarily a function of the
condition of the surface layers of the
snowpack. When an old surface of low
reflectivity is buried by a layer of new
fallen snow, the albedo exhibited by the
pack will be that of the new snow sur
face. As the new snow layer is depleted
by melt, the albedo approaches that of
the old layer. For shallow snowpacks the
albedo is thought to be little affected by
the type and condition of the ground
beneath it, however, as the snow melts
and becomes patchy it will rapidly
decline and approach that of the bare wet
surface beneath the pack. With the lower
albedo, melt rates will be accelerated and
edge melting of the pack will pre
dominate.

From Figure 1 it can be seen that the
albedo of the deep well drained snowpack
will decline exponentially from a value of
0.965 at a heat index of 0°F (-17.8°C) to
a value of 0.50 at a heat index of 600°F
(315°C). Since the prairie snowpack is
neither deep nor in most cases well
drained, the albedo heat index relation
ship would not be expected to follow
that for the deep well drained snowpack,
except possibly during the very early
stages of melt. The prairie snowpack
generally becomes patchy and dirty after
the first few days of active melt, and as a
result, the albedo heat index relationship
should decline at a more rapid rate than
that for the deep, well drained snowpack.
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ACCUMULATED WINTER SNOWPACK, 1966-1967.

DEEP WELL DRAINED SNOWPACK.

Infiltration of Frozen Soils

The water produced from snowmelt
which infiltrates the soil profile will
depend initially on the volume of pores
which are free of ice. This initial infiltra
tion will freeze due to nocturnal heat loss
and effectively seal the soil surface
against further infiltration. For infiltra
tion to proceed after the first day on
which water has been produced there
must be sufficient transfer of heat
through the snowpack to melt some of
the soil ice. When the albedo of the snow
can be predicted the heat available at the
snow surface will be known. If the per
centage of this heat passing through the
snowpack can be determined, then the
depth of soil thaw can be predicted.
Thus, knowing soil moisture content and
the daily heat available at the soil surface
it should be possible to predict the depth
of soil thaw, which in turn should be an
indicator of the infiltration which can

occur on a daily basis.
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Figure 1 Variation of reflectivity with heat index for prairie snowpacks.
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Heat Transfer

Significant thawing of the soil can
only be accomplished by heat which is
transferred through the snowpack and
directly absorbed by the soil. Prior to the
active melt season heat can be transferred

through the snowpack by the process of
conduction, however, an unripe snow
pack is an extremely poor conductor,
thus under normal conditions, -the
quantities of heat required to produce
significant thawing of the soil beneath a
snowpack will not be available (3). Dur
ing the melt season the snowpack and the
upper portion of the soil become
isothermal at 32°F (0°C). Under these
conditions conduction of heat through
the snowpack effectively ceases. Percolat
ing melt water, produced from surface
snowmelt, does not possess sufficient
quantities of heat to convert the soil ice
to water. The only source of heat avail
able in sufficient quantity to convert the
soil ice to water is through the absorption
of radiant energy at the soil surface. This
energy must be transmitted through the
snow pack, and therefore the amount of
soil thawing which can take place will be
dependent on heat transfer through the
snowpack. The amount of radiation
which enters the snowpack is primarily
dependent upon the condition of the
snow surface. Early in the melt season
very little radiation will enter the snow
pack since the surface (top few inches of
the snowpack) albedo is rather high, how
ever, as the season progresses, consider
ably larger quantities of heat will enter
the mowpack, corresponding to the
decline in albedo. Snow itself is a trans

lucent substance which accounts for the

fact that some incident radiation will

always pass through the surface layer.
Most of the radiation, which enters the
snowpack and reaches the soil surface,
will be absorbed by the soil because of
the low reflectivity of this surface. If the
soil temperature is below 32°F (0°C) a
portion of this radiant energy will be used
to raise the soil temperature with the
remaining portion being lost as long wave
radiation to the snowpack. However, if
the soil ice to water (supply the heat of
absorbed radiation will be used to convert

the soil ice to water (supply the heat of
fusion).

The depth of penetration of incident
radiation into a homogeneous snowpack
has been found to be proportional to the
average density of the snowpack (2), and
may be expressed by a logarithmic law of
the form,

Id=Ia -Kd (1)

where Ia is the intensity of the radiation
transmitted through the snow surface. Id
is the intensity of radiation at depth, d
beneath the surface, and K is the extinc
tion coefficient for snow.

For a homogeneous deep snowpack,
the extinction coefficient has been shown

to vary from 0.280 to 0.106 for snow
densities of 26.1 and 42.3 percent respec
tively (2).

In equation (1) the factor K is actual
ly an optical density factor and can be
expected to vary with changes in snow
pack density. The factor d is a measure of
mass and for packs of variable density
may be replaced by the product, pd. Thus
the heat transmitted through the snow
pack may be related to p2d.
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FIELD STUDY RESULTS

Albedo

To estimate the albedo of the snow

surface all heat fluxes involved in snow

melt, excluding the short wave com
ponent, were calculated and albegraically
summed with respect to the snow surface.
The value of the ratio between the sum

mation of the heat fluxes at the snow sur

face and the incoming short wave radia
tion is termed the absorptivity of the
snowpack. The numerical value of the
difference between unity and absorptivity
is termed the albedo of the snowpack.

Figure 1 shows the albedo versus
heat index of prairie snowpacks as com
pared to that of deep well drained snow
packs. These are the result of two seasons
of measurement (1966 and 1967). In
both years snowfall occurred after much
of the winter snowpack had melted and
this resulted in the additional curves
shown. The change in albedo of the
accumulated, winter snowpack for both
seasons was approximately the same as
for the deep well drained pack at heat
indexes less than 250°F (121°C). Beyond
this point the albedo decreased rapidly
due to a complete change in the character
of the snow (essentially a change to ice
and discontinuity of cover). The albedo
of spring snowfall, although following a
similar trend from one melt season to

another, exhibits wide differences for the
same heat index values. This may be
accounted for by differences in snowpack



characteristics. In 1966 the spring snow
fall occurred aswet snow without drifting
while the 1967 spring snowfall occurred
during blizzard conditions and as a result
was powdery and somewhat dirty. In
general it would appear that the rate of
decline of albedo of prairie snowpacks
may depend to a considerable extent on
the dirt content which results from bliz
zard conditions, and in some years this
may be expected to affect not only late
spring snowfall but also the winter pack,
if severe drifting has been a common
occurrence.

Heat Transfer

As indicated in the previous section
the available heat entering the snow sur
face had been determined through the
calculations of albedo. The proportion of
this heat being transferred through the
snowpack to the ground surface was
determined by considering the depth of
soil thaw which occurred under condi

tions of known soil moisture content.

During the period of active soil thaw
for 1966 the density in gm/cm3 of the
snow was always above 0.50 with the
average being 0.74. During 1967 there
were two distinct periods of soil thawing.
The average density of the snowpack
during the first period was 0.33 and
during the second period 0.73. The data
obtained during the two years of study
are indicated in Figure 2 and a transmis
sion equation derived by linear regression
is:

T= 177.79e-°-36p2d
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where T is the percentage of the heat
available at the surface which is trans
mitted through the snowpack and results
in soil thaw,p is the average snow density
and d is the average snowpack depth in
inches. This equation enables calculation
of soil thaw beneath shallowprairie snow
packs (0 - 12" depths) on a daily basis
providing that one can determine the heat
available at the snow surface, which is the
total heat minus the loss due to snow sur
face reflection and to back radiation.
Under certain conditions the depth of soil
thaw will affect the volume of water

infiltrating. When the soil that thaws is
below saturation the thawed soil will

absorb moisture to the saturation level.

Infiltration to Frozen Soils

Soil moisture measurements taken

daily throughout the snowmelt periods of
1966 and 1967 were used to determine

the volumes of water infiltrating the soil
profile. A summary of the total infiltra
tion occurring each year is presented in
Table 1.

Using a linear regression analysis an
equation was derived which related the
percentage of surface water that infil
trated, to the initial (prior to melt) soil
surface (0 - 2") moisture content. From
the limited range of data that was avail
able for the 1966 melt season, the rela
tion showed a linear trend. The derived

expression took the form,

V=53.5-0.65ma .,(3)

where V is the percentage of the total
water content of the snowpack that infil
trated, and m1 is the initial soil surface
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Figure 2 Volumetric infiltration into thawing soils.

moisture content for a depth of 0 - 2
inches,and expressed as a percentage on a
dry basis. The use of this equation should
be limited to soils with moisture contents
between 15% and 60% dry basis. The rela
tion shows that as the initial soil surface
moisture content decreases, the volume
of water that moves into the soil tends to
increase linearily (Figure 2). For the 1967
melt season only a single data point was
obtained. A mathematical expression
relating the 1966 data to the 1967 data
was not considered because of the limited

experimental data available. With more
data the relationship may prove to be
curvilinear as suggested by the location of
the 1967 data point. It is also possible
that a unique linear relationship may
exist for each condition of heat supply. If
this were the case each melt season would

have to be classified according to a vari
able which would characterize the

particular heat supply condition. How
ever, the combination of data obtained
from this study does show that as the
initial soil surface moisture content de

creases the percentage of the surface
moisture that infiltrates tends to increase.

From the study of infiltration during
the two snow melt seasons of record it

was apparent that the original soil surface
moisture content was a major factor
determining the volume of water infiltrat
ing and that two different types of infil
tration were involved. In soils at high
moisture levels, near and above field
capacity, infiltration occurs into a frozen
soil to a shallow depth where it refreezes.
This results in a very shallow surface layer
of saturated frozen soil and surface ice
layers which form an effective seal against
further infiltration. Relatively large
quantities of heat are required to melt the
surface ice and saturated soil before
further infiltration can take place and this
is not likely to happen before the snow
pack has melted and runoff occurred.
This condition was evident on plots 3, 4
and 5 in 1966 as shown in Table 1.

In soils at low moisture levels the

water produced by initial or early snow
melt moves deeper into the soil profile
before freezing. Saturated surface soil
layers and surface ice sheets do not occur.
During the later states of snowmelt, soil
thaw to depths of 3 or 4 inches (7.6 or
9.2 cm) occurs and this provides a signi
ficant reservoir for infiltration. The
thawed zone absorbs water to saturation

and runoff is reduced.
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TABLE I INFILTRATION DATA

Initial Infiltration to Infiltration to

Soil Surface Total Moisture Frozen Soil Thawed Surface Total Runoff and

Moisture in Snow Pack Zones Soil Infiltration Evaporation

Year Plot # Content (%db) (inches) (inches) (inches) (inches) (inches)

1966 1 34. 1 3. 9 0. 7 0. 5 1. 2 2. 7

2 37. 3 4.9 1. 1 0. 3 1.4 3. 5

3 56. 1 3. 5 0. 5 0. 0 0. 5 3. 0

4 58. 2 4. 4 0. 8 0.0 0. 8 3. 6

5 62. 8 3. 5 0.4 0.0 0.4 3. 1

1967 Met 14. 9 3. 7 1.4 1. 0 2.4 1. 3

SUMMARY

This paper presents the results of
field studies undertaken to delineate

some of the more important parameters
involved in the infiltration of snowmelt

into a frozen prairie soil. The main
factors discussed, include; the changing
albedo of shallow prairie snowpacks and
the infiltration characteristics of frozen

prairie soils. From the data obtained in

field studies several empirical relation
ships are developed. These empirical rela
tionships include predictive equations of
heat transfer through melting snowpacks
and volumetric infiltration to frozen

prairie soils.
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