CHAPTER 8 - EFFECT OF SNOWPACK CONDITION ON RUNOFF
8-01. INTRODUCTION

8-01,01 General. — The storage effect of the snowpack
is important in the evaluation of both the volume and the time
distribution of runoff. For equal melt values and losses,
generated runoffs may not be the same because of the snowpack
condition. An initially "cold" (sub-freezing) snow will freeze
a certain amount of liquid water entering it and thereby raise
the temperature of the snow to the melting point. An additional
amount is required to satisfy the liquid-water-holding capacity
before the snow will release any water by gravity. If, however,
the entire snowpack is already saturated and conditioned to yield
water, all inflow will pass through the pack to the ground
without depletion; the time delay depends mainly on the depth of
snow, the resistance to flow, and the rate of inflow. In order
to assess the snowpack condition and its effect upon runoff, it
is necessary first to understand the changing character of the
snowpack and the processes of heat and water-vapor transfer
within the pack. Special experiments on the storage and transit
of liquid water in the snowpack at CSSL, although somewhat meager
and inconclusive, furnish information which servesas & guide to
solution of problems involving storage and travel time of water
in the snowpack.

8-01,02 The physical properties, which affect the
liquid-water retention and detention capacities of the snow,
continue to change from the time of deposition to melt. Even
during the active melt season the proportions of ice, liquid
water, and air are not constant. Likewise, the permeability and
diffusivity of the snowpack to heat, air, and water are
continually changing.

8-01.03 Character of the snowpack. — Snow is a
precipitate. Ice crystals are formed in the atmosphere at
temperatures below freezing by sublimation of water vapor on
hygroscopic nuclei. Many different types of crystals form,
depending on the shape of the nucleus, the rate of sublimation,
and the turbulence of the air. An excellently illustrated
discussion of the relation between snow crystal types, forms,
mess, rate of fall, and crystal habits is found in Snow Crystels
by Nekeya.ll/ Because of the usual dendritic structure of these
crystals, new—fallen snow is generally of low density. With
time, however, the snowpack undergoes a change: the original,
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delicate crystals of snow become coarse grains, and the density
of the pack increases. There is no definite time at which the
change takes place from crystalline forms characteristic of
new—fallen snow to coarse grains in the snowpack. The crystalline
structure of the snow, as used in this chapter, is a general term
referring to classification of either the snow crystals themselves,
or the snow grains resulting from metamorphism of the snowpack.,
The change from a loose, dry, and subfreezing snowpack of low
density to a coarse, granular, and moist snowpack of high density
is spoken of as "ripening" of the snowpack. A "ripe" snowpack

is said to be "primed" to produce runoff (barring temporary
ponding due to resistance to flow or inadequate channel capacity).
A ripe snowpack is not necessarily homogereous; it is generally
striated with ice planes and ice lenses. Density of the snowpack,
which is an easily measurable element, appears to be a single
variable that integrates fairly well the effect of the other
physical properties of the snow. It has been used for defining
the affinity of the snow for water, as well as the thermal
properties of snow. Knowledge of the factors affecting the
metamorphism of the snowpack will facilitate the understanding
and solution of the heat transfer, the liquid-water storage,

and transmission problems in snow hydrology.

6-02, METAMORPHISM OF THE SNOWPACK .

8-02,01 General. — The change in the character of
the snowpack has been studied at length in connection with the
use of snow as an engineering material, No consideration will
be given here to variation in such structural qualities as
hardness, strength, or trafficability. The hydrologist's concern
with the metamorphism of the snowpack is primarily limited to the
function of the snowpack as a deterrent to runoff. The
presentation in this section is intended to give the hydrologist
a limited summary of the effects of the metamorphism of the
snowpack as regards its role in the hydrologic cycle.

8-02.02 Factors affecting the metamorphism of snow. —
Time is the principal factor to be considered in the metamorphism
of snow. The several physical processes contributing to
metamorphism of snow ares (1) heat exchange at the snow surface
by radiation, convection, and condensation; (2) percolation of
melt or rain water through the snowpack; (3) internal pressure
due to the weight of the snow; (4) wind; (5) temperature and
water-vapor variation within the snowpack; and (6) heat exchange
at the ground surface. The effects of these processes which are
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of hydrologic importance are: (1) change in density as the result
of change in crystal forms and displacement of the crystalline
particles with respect to one another; (2) formation of ice planes;
3) change in air, watexr, and heat permeability and diffusivity;

4) change in liquid-water-holding capacity; and (5) change in
temperature of the snowpack.

8-02.03 Structure of the snowpack. — As each new
layer of snow is deposited, its upper surface is subjected to
weathering effects of radiation, rain and wind, the under-surface
to ground heat, and the interior to the action of the percolating
water and water vapor. As a result, the snowpack is stratified,
showing distincet layers of individual snow-storm deposits. Early
in the season a granular layer is formed at the ground surface
when the ground is unfrozen,

8-02.04 The change in the form of the snow crystals
is believed to result from sublimation (evaporation from and
condensation onto crystal surfaces) and from the action of
percolating'water._l/;i/ Due to temperature differences, air is
in continuous motion within the snowpack, carrying with it heat
and water vepor. This activity results in rounding off of snow
crystals and growth of some at the expense of others, The
cirvulating air (saturated with water vapor) tends to equalize
the temperature and vapor pressure within the snowpack.,
Impermeable ice planes deflect but do not prevent the movement
of the air, just as they deflect or impede the downward
percolation of water. The areal extent of such impermeable
planes is not great. Observations of percolation paths made at
the three snow laboratories, using fuchsine dye to trace the
water, indicate many weaknesses in the seemingly impermeable ice
planes through which air and water can pass. As a result of the
flow of air and water in the snowpack, the pack tends to become
homogeneous with respect to temperature, liquid-water content,
grain size, and density, as the season progresses.

8-02,05 Nocturnal snow crust. — During the melt
season, on clear nights, a relatively shallow surgace layer of
the snowpack generally cools considerably below O C due to
outgoing longwave radiation; the liquid water will freeze, but
below this surface layer, the snow remains at 0°C and liguid
water continues to drain, until the remaining liquid water in
the pack equals the liquid-water-holding capacity. The combined
effect of air and heat diffusion causes the surface layer to
cool each night to a depth of about 10 inches. There is a change
in the crystalline structure of the surface layer due to this
alternately freezing and thawing effect.
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8-02,06 Air permeability of the snowpack. = It was Q
pointed out in the preceding paragraphs that the circulation of
air within the pack is partially responsible for the snow metamor-
phism., Measurements reported by Bader and others _l/ show that
air permeability veries widely within the snowpack and with time,
Just as the crystalline structure and porosity do. An important
function of this moving air is the transportation of water wvapor
from high to low-temperature areas. As a result, ice lenses and
ice planes will increase in size, and some crystals will grow at
the expense of others.

8-02,07 Flow of moisture. — The relative magnitudes
of moisture moving in snow in the form of water vapor and that
moving in liquid form by capillary action have not been determined.
Experiments conducted by Hadley and Eisenstadt _7/ on thermally-
actuated moisture migration in granular media appéar to indicate
that the movement of moisture by vapor diffusion in the direction
of heat flow in snow may be insignificant compared to the
capillary movement of liquid water. Section 8-05 deals with the
measurement, storage and movement of liquid water in snow, which
is of particular hydrologic significance in evaluating the effect
of the snowpack on runoff,

8-02.08 Density of new-fallen snow. — The density of
new-fallen snow varies widely with the size, shape, and type of
snow crystals, as well as with the temperature, humidity, and wind .
speed of the air through which they fall, The two primary factors
are air temperature and wind, Diamond and Lowry _5/ correlated
the density of new snow as measured at CSSL with surface air
temperature and found an average increase in density of 0,0036 g/cc
per degree F increase in surface air temperature at the time of
deposition, Figure 4, plate 8-1, shows _ plot of their data
relating density of new snow with surface air temperatures.
Rikhter;g/ reported densities of new-fallen snow varying with
surface wind, and ranging from 0.06 for calm conditions to 0.34
for snow deposited during gale winds. Changes in density of
new snow are rapid and variable during the first few hours after
deposition, Therefore, daily measurements of density reflect
considerable variability due to the varying time of deposition
and settlement conditions during the 24-~hour period. For
practical use, an assumed average density of 0.10 g/cc for
converting depth of new snow to water equivalent, from once-daily
measurements, will suffice in most cases for an average measure
of precipitation.
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8-02.09 Snowpack density characteristics. - The
average density of a basin snowpack varies widely with space and
time. Generally speaking, the average pack density increases
with time, declines slightly with each new snow, but regains its
former density soon thereafter with the settlement of the new
snow, This is illustrated in figure 1, plate 8-1, by the daily
density graph for an accumulating snowpack at WBSL headquarters.
The depth of the snow increased almost continuously from 1 inch
on 4 December 1949, to 165 inches on 15 January 1950, during which
time the mean daily air temperatures were below freezing. On
12 January a deep pit was dug and densities at various levels were
observed, As shown in figure 2, the densities varied from 0,07
g/cc for the new-fallen snow at the surface to 0,38 g/cc near the
bottom of the pack. Wind, melt, and rain augmented the rate of
settlement of new snow. The striated structure of the snowpack
was caused by the succession of new snow layers on the more dense
snow of greater age upon which they were laid. In general, the
density of the pack wvaries directly with depth, but there is
considerable variation as a result of individual ice lenses, ice
planes, and buried snow crusts,

8-02,10 Snowpack density changes. — Rapid settling
and compacting of the snowpack begins immediately following
deposition, and then continues more slowly throughout the
accumulation period into the ablation period. The change in
form and displacement of individual particles within the snow
matrix cause the setvtlement. The volume of voids gradually
decreases from a maximum value when snow is newly deposited to
2 minimum amount during the melt season, and approaches zero
whenever ice is formed. There are several physical processes
contributing to settlement through change in crystal form and
displacement, as follows: (1) percolation of melt or rain water
which freezes with the pack; (2) plastic deformation of the snow
matrix, from weight of overlying snow causing reduction in voids;
and (35 transport of water wvapor due to temperature and vapor—
pressure gradients and convection of air within the snowpack,
The relative importance of the processes varies with the temperature
and precipitation conditions, as well as the original snow condition,
and, to a considerable extent, to the length of time that each
process has been operating, jointly or singly.

8-02,11 Continuous observations of snowpack conditions,
CSSL, 1952-1953. = During the 1952-53 water year at CSSL, SIPRE
performed observations of snowpack conditions, as outlined in
paragraph 2-07.04., These observations provided a continuous
record of depth and time distribution of the crystalline structure,
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temperature, density, and the horizons of the principal layers of
the snowpack for the entire season of snow accumulation and
ablation. Isopleths of temperature and density and the positions
of the settling-meter markers (see paragraph 2-07.05) are plotted
in figure 4, plate 8-2., Daily values of incident and reflected
shortwave radiation, maximum and minimum temperature, precipitation
in forms of both rain and snow, and mean daily outflow of Castle
Creek, are plotted for the same time period. Selected vertical
profiles of crystalline structure, temperature and density are
shown for the same period on figure 1, plate 8-3, Inspection of
these diagrams shows the nature of change of the snowpack
condition with respect to time, and the accompanying meteorological
conditions producing the change. Special attention is drawn to
the rain-on-snow condition which occurred on 8-9 January 1953 and
was reported on in Research Note 18, Approximately 4.8 inches

of rain fell within a 40-hour period, with air temperatures
averaging nearly 40°F. While the temperature condition of the
snowpack changed abruptly with the onset of rain and melt, the
change in density was very slight. The settlement of the
individual snow layers, as marked by the settling-meter measure-
ments, proceeded uniformly at its slow rate through the storm
period, unaffected by the several inches of liquid water passing
through the snowpack.

8-02,12 Application to snow hydrology. = While the
study of snow metamorphism is complex and there is much to be
understood about the processes of change, yet in hydrologic
application, problems concerning the physical nature of the
snowpack can be resolved by evaluation of its "cold content" and
the retentivity and permeability of liquid water within the
snow=ice matrix, The temperature of the pack may be determined
by direct measurement, obviating the evaluation of heat flow
into or away from the snowpack prior to the runoff period. The
amount of liquid water existing in the snowpack at a specific
time may also be determined by actual measurement, but where such
measurements are lacking, estimates must be made on the basis of
limiting conditions and prior history of the snowpack.

8-02,13 Summary. — Only the highlights of the complex
vhenomenon of snow metamorphism, pertinent to the storage effect
of the snowpack on the amount and time distribution of the runoff,
are mentioned. Reference is mazde to de Quervain,_ 4/ Hughes, 9/
and Bader_1/ for more complete informztion on the metamorphism of
snow, It was stated that metamorphic processes begin at the point
of snow origin and continue until the snow has disappeared. Even
during their fall, the individual snow crystals grow together and
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begin immediately at a very rapid rate and follow & decay type
of function with respect to time as shown in figure 4, plate 8-2.
Besides compaction, the snowpack undergoes crystalline
transformation by the processes of sublimation, melting and
refreezing, To determine the storage potential of a natural
snowpack and the transmission rate of water, one must appraise
the stage of metamorphism of snow. At present the aggregate
effect of metamorphism on runoff can best be defined by the
depth, density, temperature and liguid water content of the
natural snowpack at & particular date and on the march of the
previous weather to which the snow was subjected. Factors
neither measured nor experimentally determined must, of
necessity, be assumed in order to effect & reasonable solution
of water storage and transmission problems in snow hydrology.

break apart before hitting the ground. Compaction and settling

8-02,14 As a result of the combined action of theze
factors, the snowpack becomes more compact, striated, and granular
as the season progresses., Finally it reaches a "ripe old age" in
spring, when only the upper surface undergoes appreciable changes,
as manifested in the formation of the nocturnal snow crust and
daytime thaw. Ripeness of snow should not be defined sclely by
its density. In snow hydrology, ripeness is associzted with the
readiness of the snowpack to trangmit and discharge liquid water
entering at its surface, regardless of season or density. For
hydrologic purposes, therefore, snow is considered to be ripe
when it contains all the water it can hold against gravity,

i.e., when it is primed.

8-03. HEAT TRANSFER WITHIN THE SNOWPACK

8-03.01 Generzl., — One of the processes involved in
conditioning the snowpack to produce runoff is transmission of
heat within the snowpack. During the spring melt season, the
pack is normally at a temperature of OOC, except for the
nocturnal crust layer, and whatever heat is applied at the
surface is converted to melt. During the winter, on the other
hand, the pack is often sub-freezing, and heat must be transferred
dovnward from the surface and upward from the ground to meet the
thermal deficiency before appreciable runoff may occur. The
transfer of heat may be accomplished by conduction, convection and
diffusion of air and water vapor within the snowpack, or percolation
and refreezing of liquid water from surface melt or rainfall. In
hydrologic application the total heat deficit of the snowpack may
be treated as an initial loss that must be satisfied before runoff

291




occurs., Accordingly the processes of heat transfer are incidental
to the evaluation of the total heat deficit. A general background
in the theory of heat exchange within the snowpack is useful,
however, in evaluating observed conditions of snowpack temperature
and assessing expected changes,

8-03,02 Thermal properties of snow. — The transmission
of heat by snow depends on its thermal properties, which are:

(1) the latent heat of fusion, which is the heat
energy per gram of snow required for change from solid to liquid
state without change in temperature. The latent heat of fusion
for snow may be equal to or less than that for ice, depending
upon the amount of liquid water in the snow.

(2) thermel quality, which, as defined in paragraph
5-01.05, is the ratio of the heat necessary to produce a given
amount of water from snow to the amount of he%t required to produce
the same quantity of melt from pure ice at 32 F,

(3) specific heat (cp), which, in c.g.s. units, is

the heat in calories required to raise the temperature of one
gram of snow one degree centigrade.

(4) heat conductivity (kc) or heat permeability,

which is a measure of the time rate of heat transfer. It is
expressed as calories transmitted through 1 cc of snow in 1 sec
when the temperature difference between two opposite faces is 1  C,

(5) diffusivity (kd), which is related to the

specific heat and thermal conductivity as follows:

k kc

.
ik

where (° is the density of the snow. Note thatfc_ is the heat

capacity or the specific heat by volume (cal/cc/deg C).
Diffusivity may also be called the temperature conductivity of
the snow, because, it is the temperature change in degrees
centigrade that occurs in one second, when the temperature
gradient is 1° C/cm for each cm depth.
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8-03,03 Experimental work, — Differences in the stage
of metamorphism of the layers of a natural snowpack make the
determination of its thermal properties exceedingly difficult.
Specifically, the factors affecting the thermal conductivity and
diffusivity of snow are: (1) the structural and crystalline
character of the snowpack, (2) the degree of compaction; (3) the
extent of ice planes, (4) the degree of wetness, and (55 the
temperature of the snow. Experimental work shows that density is
a satisfactory index of the thermal properties of the snow shown
in the following table:

Density, /. Specific heat, cp Conductivity, kg Diffusi-
By By Acc, to Acc. to  Ace, to iy Eg_
weight volume Kondrat'eva Abel's Jansson
g/cc cal/g/°C cal/ce/°C cal/emz/oc/cm/sec °C/cm2/sec
1.ooo€water) 1.0 1.0000 0.00130+ 0.00130
0.900(Ice) €5 0.4500 0,00535+ 0,0119
0,540 0.5 0.2700 0,00246% 0.00162+| 0,00911
0.500% 0.5 0.2500 0.00205% 0,00170% 0.00095% | 0.00820%
0.440% UH 0.220 0.00167* 0,00132% 0,00089%| 0,00760%
0.365% 0.5 0.1825 0.00110% 0,00091% 0,00075% | 0,00603%
0.351% 0.5 0:1755 0.00087%* 0,00084% 0,00072%| 0,00494%
0,340% 0.5 0.1700 0.00075% 0©0,00079% 0,00070%| 0,00441%
0,330% 0.5 0.1650 0.00070% 0,00074% 0.00068% | 0,00422%
0.250 0.5 0.1250 0.00042% 0.00053+ | 0.00336
0.130 0,5 0,.0650 0,00011%* 0.00029+| 0,00169
0,050 0.5 0.0250 0,00002% 0.,00010+| 0,00080
0.001(Air)+ 0.24 0.00006+
+ From Beskow _g/ PD,. 28, 116,
¥ From Kondrat'eva 19/ Pp.. 10, 12,
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From observations at CSSL, as reported in Technical Report 3, the Q —
relation between heat conductivity and density of snow was computed
by linear regression to be

k (10%) = 22,7 - 0.46

Kondrat'eva 10/ suggests the use of

Kq

0.0133/°  and k_ = 0,0068f°, for/<0.35 g/cc; and

Il
1l

x 0.00854%, forey0.35

a 0.0165 ~ and kc

For 0.14<°<0.34, Abel's gives k_ = 0.0068/°,

For 0.08¢#<0.50, Janssoh gives k, = 0.00005 + 0.0019/ + 0.0064",
For 0.10¢7<0.60, Devaux gives k_ = 0,00007 + 0,007+,

Attention is called to the fact that experimental work on thermal

properties of the snow has been generally conducted with homogeneous

dry snow, often after subjecting it to artificial compaction to

attain density variation. In contrast, the natural snowpack

consists of several snow layers of varying thicknesses and of

different character (resulting from the seasonal snow storms), .
separated by ice planes.

8-03.04 Volume of air space., — The air space and the
absolute porosity of the snow may be computed by considering a
unit volume of snow, in which

G, SO, (R S ST (8-1)
0.92

Here P is the portion of voids or air space in the unit volume
considered.and_ﬁfi&:the density of snow. The large percentage
of air (with very low heat conductivity, 0.000057) in the
snowpack makes the snow a good insulating material., Even for
extremely cold weather, the heat transmitted through the snowpack
is small, The density of the pack reaches its maximum value in
late melt season and seldom exceeds 0.55 g/cc. During the
accumulation period, the density may be as low as 0.05 g/cc

for a cold new snow and as high as 0.35 g/cc for the pack as

a whole. Thus the snow layers may contain 95 to 62 percent

air by volume during the accumulation period, or as little as
40 percent during the melt season,
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8-03.05 Theory of heat flow. = In a natural snowpack
the heat—transfer phenomenon is complicated by the simultaneous
occurrence of many heat—exchange processes. As a result of
temperature differences, air transports heat and water wvapor by
convection within the snowpack. Upon reaching a cold surface,
some water vapor condenses and ylelds its heat of wvaporization
(approximately 600 cal/g). The transport of warm air is
greatest when the temperature decreases upwerd. If, on the other
hand, temperature decreases with depth, convection of air within
the pack is suppressed. Due to the low heat conductivity of
snow, the amplitude of the temperature wave diminishes rapidly
with depth below the snow surface. Rain and melt water freezes
within the cold (sub-freezing) layers and warms the pack by heat
of fusion (80 cal/g). These two processes tend to change the
conductivity and diffusivity of the snow throughout the pack and
influence the heat transfer rates. The surface layer of the pack
is subjected to heating and cooling effects of shortwave and
longwave radiation, convection, and condensation, in amounts
shown in chapter 53 ground heat flows upward, causing a reduction
in the cold content of the snowpack or melting it at the bottom,
Ground melt is also discussed in chapter 5. Furthermore, the
absorption and transmission of heat by snow vary with the
topography of the drainage basin and with the character of the
individual layers of the snowpack, Jjust as the structure, the
liquid-water content, the porosity and the temperature of the
snow vary., Thus, the ever—-changing physical and thermal
properties of the basin snowpack together with the variation in
weather make the theory of heat flow in snow much more complicated
than that for homogeneous solids. Variations in the composition
and density between layers are of such magnitude that only
average values of thermal properties can be used in the application
of the fundamental heat flow principles. That is, a homogeneous
snowpack (isotropic solid) of small depth is agsumed, the tempera-
ture-time curve for any level or in any direction in the pack is
considered to be straight or sinusoidal, and at any instant the
temperature curve has the shape of a damped weve, None of these
agsumptions is strictly wvalid. The snowpack is a crystalline and
anisotropic solid, in which certain directions are more favorable
for conduction of heat than others. The temperature wave is
complex; the character of snow varies from layer to layer, and
the liquid water content varies with time and temperature.
Therefore, the theoretical heat flow computations yield results
which are little more than of qualitative significance. BEven
though the magnitude of heat flow in snow is probably smaller
than the errors of some observations and assumptions used in
hydrologic studies, a knowledge of the fundamental principles of

R
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the hydrologist. Recognition of the order of magnitudes and time
lag of heat flow will enable him to make proper allowances, Some
special hydrologic problems may require the application of the
fundamental principles of heat flow, approximate as they may be.
A brief review of these principles is presented in the following
paragraphs.,

heat exchange processes within the snowpack is of great wvalue to . ;

8-03.06 A temperature gradient is established
within the snowpack as the result of heat transfer at the surface
layers. The temperature gradient is defined as the change in
temperature per unit change in depth. Thus, the slopes of the
temperature—depth curves, shown in figure 1, plate 8-3, represent
the temperature gradients. A straight temperature-depth
relationship indicates that the inflow and outflow of heat for
any layer are equal. A curved relationship indicates a change
in gradient or unequal inflow and outflow, with consequent
changes in the temperature of the layers.

8-03.07 Temperature gradients in the snowpack are
more pronounced in winter than in spring. When the snowpack
reaches an isothermal condition at 0°C, molecular conduction of
heat ceases, and heat energy is spent in melting the snow, But
the cooling effect of the nocturnal radiation (particularly for
open sites) still remains an effective factor in setting temperature
gradients within the top 2 to 15 inches of the snowpack. It is .
apparent that the solution of heat transfer problems requires
knowledge of (1) density of the snow, (2) temperature gradients in
the snowpack, and (3) thermal properties, including specific heat,
conductivity, and diffusivity for the given snow condition,

8-03,08 Inasmuch as the hyd.ologist is only indirectly
concerned with heat transfer within the snowpack, the relative
importance of the subject in applied snow hydrology does not warrant
inclusion herein of detailed derivations of heat transfer equations.
Reference is made to Wilson 15/ and Kondrat'eva 10/ for description
of conductive heat flow equations for the snowpack.

8-03,09 Applying Fourier's expression _3/ to 2
snowpack of 0 C whose surface is suddenly ccoled to and is
maintained at -10°C, Wilson demonstrated how slow the diffusion
of heat is through the snow and how the temperature varies with
depth and time after the sudden cooling. The following
tabulation lists the change of temperature that would occur at
three levels of an initially isothermal snowpack whose density
is 0,20 and kc is 0,0003, as computed by Wilson for the sudden

change from 0% t0-10°C at the surface:
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Time in Temperature in °c

hours 10 em 25 cm 50 cm
depth depth depth

9; =0.7 0.0 0.0

4 ‘—2.2 '-003 O-O

8 "'3-9 "007 000

24 -6.4 "2-2 -0.4
48 -7.8 -3.8 -1.1

8-03.10 Temperature distribution in nocturnal snow
crusts, — It was pointed out that nocturnal snow crusts occur on
clear nights during the melt season. The depth of penetration of
the sub-freezing temperatures has been computed theoretically by
methods presented by Beskow _2/, to be about 13 inches. The
depth should be considerably smaller than this, chiefly because
of the latent heat supplied by refreezing of melt water and to e
small extent the convection and condensation heat from air
flowing onto the cold surface layer. In view of these facts one
mey assume (in this case) that the magnitude of the maximum depth
of penetration of the cold wave or of the frost line is approxi-
mately 10 inches. Observations of snow temperatures in the crust
layer were made in connection with the operation of the lysimeter
at CSSL during May, 1954. A plot of snow temperatures against
depth and time are showm in figures 2 and 3 of plate 8-3, showing
the progress of cooling through a typical night with clear skies,
and the subsequent warming with the onset of energy input from
solar radiation.

8-04., THE SNOWPACK TEMPERATURE

8-04.01 General, — The external factors affecting
the flow of heat to the snowpack have been described in chapter 5,
and the processes of heat transfer within the pack were discussed
in the preceding section. The resulting variations in snowpack
temperature affect the water-storage potential of the snowpack
and with it the runoff from snowmelt or rain, Much of the winter
and early spring surface melt is stored in the snowpack, contri-
buting little or nothing to runoff. The amount of liguid water
lost to runoff because of the cold content is a function of the
snow temperature below O C. It accounts for the gradual increase
in ablation of snowpack per unit of heat absorbed or in degree-day
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factor. Obviously, snow temperature must be considered in
hydrologic problems involving early season runoff. Unfortunately,
it is not yet a regularly observed element, and no simple
relationship is available for estimating it from independent

data. Generally, snowpack conditions are observed by digging a
pit, but an approximate temperature, moisture, and structural
profile of the pack can be obtained by use of the Mt. Rose sampling
tube, Weston metallic thermometers and visual observations of

the core, as illustrated in plate 8-10,

8-04.02 Laboratory observations. - Continuous
observations of snowpack temperatures made at CSSL and UCSL
provide a basis for estimating the range in temperature to be
expected and the variations that occur through the season. Data
for the 1948-49 water year for these two areas were selected to
show the variation of the temperature profile of the snowpack
with time., The isotherms of snowpack temperature are plotted on
plate 8-4, as a time function, for both CSSL and UCSL for the
1948-49 weter year. Daily values of maximum, minimum and mean
air temperatures are also plotted on the same time scale. The
snow and ground temperatures for specified levels above and
below the ground surface are shown on plate 8-5 for the same
period. The previously referenced snow structure data at CSSL
for the 1952-53 water year, shown on plates 8-2 and 8-3, indicate
the snowpack temperature variation and gradients for that year.
Inspection of these charts reveals the nature of the temperature
gradients of the snowpack and how they change with time and
weather.

8-04,03 The cold content of the snowpack, - The
hydrologist is primarily interested in the temperature and
density profiles of the snowpack and how they affect the cold
content of the snow, for the evaluation of runoff potential in
the winter and early spring months, The cold content is
defined as the heat required per unit area to raise the
temperature of the snowpack to O0°C., It is convenient to express
it in inches of liquid water (produced at the surface by either
rain or melt)owhich, upon refreezing within the pack, will warm
the pack to 0°C, The relationship may be expressed as

¢ 760

where Wc is the cold content in equivalent inches of liquid

water, _/° is density in g/cc, D is the depth in inches, and
'I‘S is the average snowpack (or snow layer) temperature deficit

Pelow 0°C.
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8-04,04 As a means of estimating the cold content of
the upper 24 inches of the snowpack from current temperature
data, the empirical relationship shown on figure 1, plate 8-6
was derived on the basis of deep pit observations at CSSL. This
diagram relates the cold content of the upper two feet of the
snowpack to the average temperature of the preceding 3 days. It
is assumed that the temperature of the snowpack below the upper
two feet changes slowly, and the cold content for the lower
layers can be estimated from previously obtained snow temperature
data.

8-04.05 The cold content of the crust layer
represents the only deficiency of heat in the snowpack during
the active melt season. The penetration of cold from nocturnal
cooling has been discussed in paragraph 8-02.C5. A cold content
of about 0.1 inch is an average value for nighttime crust formed
under clear skies in the open., The liquid-water deficiency (to
be discussed later) developed in the surface snow layer by virtue
of the refreezing of its free water, represents an additional
amount of about 0.15 inch of melt, so that the daily average
water equivalent of total heat deficit in the crust layer to
produce runoff is about 0.25 inch of melt. This deficit is
approximately 15 percent of the average daytime energy input for
clear weather spring=time melt in the open, and must be supplied
each morning before there can be an appreciable contribution to
runoff, Knowledge of the order of magnitude of the snow—crust
deficiency is of value when results of a snowmelt study must be
interpreted with respect to errors of observations, assumptions,
and omission. Reference is again made to figures 2 and 3 of
plate 8-3, which show the progressive cooling of the crust layer
during a typical clear night at CSSL, during the active melt
period. In plate 8-9, the amount of daytime energy expanded to
balance this deficit is illusirated.

8-05, LIQUID WATER IN SNOW

8-05,01 Movement of water in snow. — Water moves
within the snowpack in both the wvapor and liquid phase. While
the movement of water vapor is important to metamorphism of the
snowpack (see paragraph 8-02,04), the order of magnitude is low
in comparison with liquid water transport, Liquid water moves by
gravitational and capillary forces in all directions, After the
snow reaches its liquid-water-holding capacity, the downward
movement is dependent entirely upon gravitational force.
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8-05.02 Conditions of liquid water in the snowpack. -
The snow is said to be dry when its temperature is below O C.
At 0°C, the degree of wetness depends on the availability of
liquid water and the liquid-water-holding capacity of the snowpack.
Winter rains or melt may bring the snowpack to its liquid-water-
holding capacity commensurate with the stage of metamorphism of
the snow. Subsequent weather will change the character of the
snow and with it the liquid-water-holding capacity. Generally,
however, the snow is cold and dry in winter. The forms in which
liquid water exists in the snowpack are:

(1) hygroscopic water, which is adsorbed as a thin
£ilm on the surfaces of the snow crystals, and unavailable to
runoff until the snow crystal has melted or changed its form.

(2) capillary water, which is held by surface tension
in the capillary spaces around the snow particles. Capillary
water is free to move under the influences of capillary forces,
but it is not available to runoff until the snow melts or the
spacing between crystals changes.

{3) avitational water, which is in transit through
the snowpack under the influence of gravity. It drains from the
pack and is available for runoff.

8-05.03 The hydrologist is concerned with both liquid

water content, f_, (as determined by actual measurement of ligquid
1}
water in the snowpack) and the liguid-water-holding capacity, 52. :

which is defined as the maximum amount it can hold against gravity
at a given stage of metamorphism and density. The difference
between the two quantities represents the amount of liquid-water
storage capacity (in excess of the cold content of the pack) and is
termed the liquid-water deficiency, fé: Liquid-water content in

excess of the liquid-water-holding capacity represents a condition
where licquid water excesses are flowing through the pack, The
amount of liquid water is expressed in percent by weight. The
total liquid-water-holding capacity of the snowpack can be
integrated over a basin area, through use of snowpack date
representative of various elevation zones or areas.

8-05,04 Detemmination of the liquid water in the
snowpack., — The temperature of the snowpack limits the requirements
for determination of liquid-water content. If the temperature
of the snow is below O C, the snow is dry, and no measurements ror
liquid-water content are necessary. The liquid-water-holding
capacity of the snow of certain character is determined from
meagurements of its liquid-water content afier drainage of the
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excess gravitational water. The most commonly used method for
measuring the liquid water is the calorimetric method, by use of
the thermos bottles as calorimeters, as outlined in Technical
Report 1, Other methods include measurements of electrical
capacitance in a parallel plate condenser having snow as its
dielectric _§/, by differences in snow compaction 14/, or by use
of a centrifuge.

8-05,05 While czlorimeiry is commonly used to
measure liquid-water content, it is an indirect method. The
state or degree of dampness is described by the thermal gquality
of the snow, which is defined in paragraph 8-03.C2, Both liquid
water and thermal quality are usually measured in percent by
weight. The complement of the thermal quality (for thermal
qualities less than 100 pet) is the percentage of water in the
snow matrix, Thermal qualities in excess of 100 pergent indicate
no liquid water in the snow and temperatures below 0 °C. The
percentage above 100 percent is proportional to the cold content
of the snowpack.

8-05,06 Observetions of thermal quality at the snow
laboratories. — The thermal quality of the snow at the snow
laboratories was determined by the calorimetric method, Thermal
qualities ranged from 80=110 percent., Generally low thermal
quality values were obtained during times of high melt when
sanples of snow contained melt water in transit or in excess of
the ligquid-water-holding capacity of the snow. Lleasurements
generally were vaken randomly, with sampling inadequate to
represent completely time, areal, and depth variationss however, in
llay 1948, observations were made at CSSL at four-hour intervals,
over a period of two days when active melt was in progress, for
six layers in the snowpack. The resulis of. these observations
are shown in figure 4, plate 8-7, along with hydrometeorological
elements preceding and during the measurement period. While
there is considerable variability due to errors in measurement,
the diurnal fluctuaztion in thermal quality (and hence liquid-water
content) in the various snow layers is well defined. The drainage
of liquid water through the pack is shown by the time displacement
of the maximum and minimum values in the lower layers. Also, it
should be noted that after nighttime drainage, liquid water for
the pack as a whole averaged about 3 percent, but that maximum
values of 10 percent occurred during the day from the effect of
water in trensit. The diurnal fluctuvation in density during these
observations is also shown on this dizgrem and appeazrs to be
closely rcleted to changes in liquid water.
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8-05,07 Qualitative field tests. — The calorimetric
method is not well suited for field determination of the liquid-
water content of the snow., A qualitative evaluation of liquid
water can be had by the "wetness test",13/ wherein the observer
notes the character of the snow, cools his gloves to snow
temperature, squeezes a sample and records the appearance and
the degree of compaction when pressure is released., His notes will
show the snow "dry" when 2 snowball cannot be made; "moist" when
liquid water is not obvious but a snowball can be made; "wet" when
liquid water is visible; and "slushy" when water drains out of
the snow with slight pressure. Noting the elevation and exposure
of the site, the temperature, density, date, and hour of the day
mzy be of great value in evaluating the seasonal and areal varia-
tions in the wetness of the snowpack. Exposure is an important
factor in the priming of the snowpack by surface melt. Snow
surveys at CSSL show that the snowpack on southerly exposed areas
reaches its liquid-water-holding capacity about 15 days earlier
énd for the same date about 1500 feet higher in elevation) than
northerly exposed snow,

8-05,08 Variability of licuid-water—holding capacity.-
Eost of the available thermal quality data for the snow lzboratories
was obtained during the active melt period at one site, when the
snowpack density was relatively high and often included water in
transit through the snowpack., A considerable number of the thermzl .
quality observations at the snow laboratories represent results of -
trials for acquiring speed and consistency, and cannot be considered
adequate for analysis, Furthermore, pertinent and associated
information on the density and character of the snow were not
always recorded. Consequently, the thermal-quality data from the
laboratories are inadequate for precise analysis of the liquid-water
content of the snow. The basinwide variability cannot be evaluated
except in a general way, and only approximate percentages can be
recommended for use in hydrology. A snowpack at 0°C has a liquid—-
water-holding capacity of approximately 2 to 5 percent by weight,
depending on the density and depth; the mass of ice layers; the
size, shape and spacing of snow crystals; and the degree of
channelization and honeycombing., It is difficult, if not
impossible, to evaluate the individual influence of each of these
factors on the liquid-water-holding capacity of a2 basin snowpack.
Therefore, the liguid-water-holding capacity of snow may be
related to density. As shown in Tigure 6, plate 8-7, the affinity
of snow for liquid water increases with increasing snowpack density.
Unfortunately, the number of thermal-quality determinations for
snow of less than 40-percent density is insufficient to indicate
if the decrease in liquid-water-holding capacity with decreasing
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snow density continues for very low snow densities. Additional =
measurements are required to determine the liquid-water-holding
capacities in this range.

8-05.09 An approximation of the liquid=water-holding
capacity of snow can be obtained from the heat-balance equation
for the surface layer during clear nights in spring. This layer
begins to cool at the snow surface just before sundovm and
continues for approximately 12 hours. The frost line reaches a
maximum depth at about 0600 hours., The difference between total
heat loss and the maximum cold content represents the heat gain
from freezing of liquid water (not in transit) in the snowpack.
The computed liquid water content for the snow crust as shown
in the previously referenced observations at CSSL (vlate 8—3)
would be approximately 4 percent, which agrees with thermal
quality determinations for liquid water in a pack after drainage.

8=05,1C Recommended liguid-water—holding capacities. =
Experiments on liquid-water-holding capacity of snow are limited,
Nearly all are for spring snow of densities above 35 percent,
while densities of winter snowpacks usually range from 10 to 35
percent, In this range, no observations of liquid-water-holding
capacities are available, From the results of observations of
thermal quality shown on plate 8-7, and from Gerdel's study of
transmission of water through the snow, _é/ between 2 to 5 percent
by weight is recommended for the liquid-water-holding capacity of
snow, Additional observations are required to establish the
relationship between snow density and liquid=-water-holding
capacity.

8=05,11 The lack of information on the capacity of
the snow to retain liquid water against gravity, as a function of
some index of the stage of metamorphism, constitutes a major gap
in knowledge of the storage effect of the snow on runoff,
Streamflow forecasts require estimates of the basin snow
temperatures and probable liquid-=water content of snow at various
elevations, These estimates cannot be made with confidence unless
systematic observations of these snowpack conditions are made or
computed from empirical relations based on adequate experimental
data, The above range of values is presented as a guide for use
where observaetions are lacking,

8=05.12 It is pointed out that the liguid-water-
holding capacity of snow, as discussed in the preceding
paragraphs, represents conditions where free drainage of the
snowpack is assured. In flat areas, horizontal drainage through
channels is impeded by the lack of sufficient slope, Thus,
portions of the snowpack in foothills and flat lands may hold
liguid water far in excess of that for mountainous areas where
free drainage is rapid,
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8-06. TRANSMISSION AND TRAVEL TIME OF WATER THROUGH THE
SNOWPACK

8-05,01 General. — The condition of the snowpack
determines the amount of storage and the rate of downward
movement of water. The temperature, size, shape, surface area,
and spacing of the snow crystals, channelization stage, and melt
and rainfall intensities control retention and detention of water
as it moves downward through the snowpack. Since many of these
factors are continuously changing, neither the storage nor the
rate of movement can remain constant. The time of travel of
water in unprimed snow may be considerable, particularly when the
snow is striated with ice planes which are flat or concave upwerd.
By the time water reaches the ground surface, a water course is
established in the snowpack., After this, the travel time is
relatively short, being primarily a function of the snow depth.
The time of travel through the established water courses in the
snowpack continues to vary, because, under the action of the
percolating water, the crystalline structure of the snowpack
continues to change, and erosion and more extensive channelization
progresses, with the consequent release of some liquid weter held
against gravity.

8-06,02 Experimental work. — It is impossible to
estimate quantitatively the variation in travel time of water
through a natural snowpack except in a general way, using
lzboratory experiments as guide, Electric snow-moisture meters,
such as Gerdel used in CSSL, are probably the best method at
present for qualitatively determining the travel time of water
through the snowpack. Figure 5, plate 8-7, illustrates the
results of his tests and show the rate of drainage of water
through three layers of the snowpack. The following table
summarizes Gerdel's results on the transmission of water through
snow,_6/
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Trans-— bt !
Snow Probe Water mission hiquid veter sontenbs Dgratloi.of
density spacing applied rate¥ Initial Feak i ke 15y
g/bc in . in in/hin pct pct pct min
0.35 25 2.0 i i 4,0 16.2 5:5 19
0.35 41 2.0 £ B | Tl 2.3 J.aill 19
G. T 0.8 0.9 3.8 6.2 | 18
0.40 17 @5 3 4.1 B 1S 18
0,46 6 2.0 12,0 6.0 10,7 5.1 48
0.46 12 2.0 16,0 4.0 9.8 0.9 48
0.46 18 2.0 18.0 4.0 10.3 0.9 48
0.46 6 2.0 24.0 5.0 10,3 2.6 35
0.46 1.2 2.0 24..0 2.3 10,3 0,7 35
0.46 6 2.0 24..0 2.0 10,3 250 35

* Computed from time interval between peak flow and spacing of
capicitor probes.

*¥ Interpoleted from calibration curve derived from capacitance
readings and calorimetric measurements on three or more snow samples,
collected during each experiment,

In general, it is seen from Gerdel's work that the transmission

rate increased with increasing densities. This may reflect the
effect of changing structure of the snowpack as the season
progresses, rather than a direct relztionship to density. Hbrton_§/
theorized transmission rates in snow on the basis of void spaces,

as is done for other porous medis, and according to his theory,
transmission rates through snow would increase markedly for
decreasing densities., This is in direct conflict with results
obtained from Gerdel's experiments.

8-06,.03 The depth of penetration of water. — In a
snowpack of uniform texture, the depth of penetration of water
varies directly with the amount of water entering the snowpack
and inversely with the storage deficiency. The latter is a
function of the snow temperature and the liguid-water-holding
capacity. For instance, for a cold snow,

vk % (:Lr + m)

—— (8-3)
REA
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in which D is the depth of penetration in inches; i, and m are the

rain and melt intensities in inches per hour; i_is_Qhe duration in
hours; /° is the density of snow in g/cc; ‘I‘s is the temperature of

the snow in °C below freezing; and £ is the liquid-water-holding
capacity of the snow in percent. For a moist snow, TS = OOC, and

if the liquid-water deficiency is féf then

. 100 t (ir + m) (8-2)

L
(A E,

D

For a completely primed snowpack, where f£ = 0, the entire depth

will be penetrated regardless of the magnitude of water entering
the snowpack,

8-06.04 Method of travel. - Storage of water begins
a2t the snow surface where melt (or rain and melt) enters the snow-
pack, The priming or conditioning of the snow (to pass water
through it) begins with this surface layer, which is generally
homogeneous. The conditioning of the snowpack progresses
dovnward in a path of least resistance from one layer to another. .
Upon meeting an ice plane, the water flows over the surface until
& weak point allows part or all of the water to enter and spread
in the layer below. In this zigzag manner water finally reaches
the ground surface. The phenomenon is illustrated in figure 3y
plate 8-1, for a cold, unripe snow. Depending on the slope,
curvature, and degree of impermeability of the ice planes which
separate different layers of snow deposits, water may reach the
ground surface before the entire snowvack is saturated or
conditioned to yield runoff. That is, some cells in the snow
matrix may not yet have become accessible to the conditioning
action of the infiltrating water when runoff appears.

8-06.05 TIxamples of time of travel. — The lysimeters
at CSSL provided an opportunity to study transmission of water
vertically through the snowpack. In Research Note 4, rates of
outflow from artificial sprinkling of the snowpack at the
headquarters lysimeter were determined and storage delay within
the snowpack was evaluated by means of distribution graphs.
Research Note 1€ describes the effect of storage and lransmission
of water through the snow for the natural rain-on-snow occurrence
of 8 January 1953, at the same lysimeter., Clear-weather melt
studies for the 1954 season at the Lower Meadow lysimeter also
provide factual data on delay to runoff by the snow, through evalu-
ation of the diurnal fluctuation of heat supply to the snow surfaces.

306




8-06.06 The rain-on-snow event described in Research
Note 18 provided an excellent opportunity to study both storage
and transmission of liquid water in the snowpack. A rain of about
4.9 inches, augmented with melt of 1.9 inches, entered a cold and
dry snowpack in a period of about 2 days. Plate 8-8 shows a mass
curve of the water balance of the snowpack for the storm period.
The snowpack at the beginning of rain was 84 inches deep, with an
average density of approximately .31 g/cc, a water equivalent of
26,7 inches, and an average temperature of -3.0 C. The liquid
water required to warm the pack to 0 C and supply the liquid-water-—
holding capacity were computed to be 0.8 in. Rain and melt in
excess of this amount was available for runoff. Delay to runoff
of the liquid-water excess is illustrated by inflow and outflow
hydrographs shown on figure 4, plate 8-9, At the headquarters
lysimeter, the time delay through the snowpack was about 2 hours.
A plot of outflow for the Lower Meadow lysimeter is superimposed
on the same graph., The runoff deficiency at the Lower Meadow
lysimeter in the early part of the storm was due to the
configuration of the ice planes, causing an indeterminable part
of the water to flow outside the lysimeter boundaries until
channels of flow through the ice planes were developed,

8-06,07 The lysimeter outflow for daily melt
contribution during rain-free periods is shown in figures 1-3,
. plate 8-9, for clear, partly cloudy, and cloudy days. Here,
inflow at the surface is computed by energy-transfer ecuations
as described in chapter 5. Observed outflows show the net effect
of time delay to runoff caused by the snowpack. Liquid-water
deficiency in the crust layer, due to nighttime heat loss, must
first be satisfied before water is available for runoff the next
day, and it is indicated by shading on the diagram. The time of
peak flow is displaced approximately 3 hours in these cases. Here,
the snowpack depth averaged about 48 inches for conditions in
figures 1 and 2 and 40 inches for figure 3. Densities averaged
0.50 g/cc.

8-06,08 A study wes made of time of diurnal peak
discharges in Castle Creek, CSSL, to determine changes in peak
lag time resulting from varying snowpack conditions. From 5 years
of study, it was determined that early in the melt season, (usvally
about 1 May), Castle Creek peaks daily at about midnight, but the
peak advances to about 1700 hours after a week or two of active
melt and occurs at about this hour for the remainder of the season,
While the time of peak discharge is a function of both natural
basin storage and the storage effect of the snowpack, the change
in peaking time is caused primarily by change in snowpack conditions.
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In hydrologic studies, after the melt season has progressed for

a relatively short period, changes in travel time caused by change
in snowpack conditions are not significant, and the use of an
average storage time is justified.

»
il

8-06.09 The February 1951 rain-on-snow analysis for
Mann Creek, WBSL, described in Research Note 24, is discussed in
chapter 9. While the study was complicated in the initial part
of the storm by precipitation in the form of both rain and snow,
by storage of snow and liquid water in the trees, and by
uncertainties of melt computations, fairly definite evaluation
can still be made of the effect of the snowpack on runoff., In
general, the lag time between peak inflow and outflow increased
about 2 hours from that which would occur for bare ground
conditions. The snow depth averaged about 5 feet. Appraisal of
the storage effect of the pack is shown in plates 9-1 and 9-2,

8-06,10 Horizontal drainage. — Where horizontal
drainage is inadequate (as in the Great Plains, in contrast to
mountainous regions), the delay to runoff caused by the snowpack
may be much larger than that required for the vertical transit
of water through the pack alone. Unfortunately, adequate
information on horizontal flow rates and the stage of metamorphism
of the snowpack is not available.

8-07. STORAGE POTENTIAL AND TIME DELAY TO RUNOFF

8-07.01 General., — The preceding sections have
considered separately the processes involved in conditioning
the snowpack to produce runoff and the methods for evaluating
amount of storage of liquid water that results from a given snowpack
condition. This section deals with the problem of combining
amounts numerically, for the purpose of applying the theory to
project basins, and estimeting the time and storage required to
prime the snowpack for given rain or melt rates and snowpack
conditions. In formulating storage and time delay it is assumed
that the snowpack is homogeneous; the storage is a direct function
of the cold content and liquid-water deficiency; and the total
time delay is a function of the rate of inflow, It is therefore
assumed that the total storage potential of the snowpack must be
satisfied before runoff occurs. Actually, the pack is not
homogeneous. Some water will appear at the bottom of the pack
before the entire pack is primed. The storage potential in the
snowpack decreases gradually as the percolating water disintegrates
the ice planes shielding the cold cells.
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8-07.02 The storage potential of the snowpack is the ——
sum of its cold content (expressed in inches of liquid water) and
its liquid-water-holding capacity. These amounts are small
relative to the total energy required to melt the snowpack, and
constitute an initial loss before runoff occurs. The energy
required to condition the pack, in percent of the emergy regquired
to melt it, is

E = i‘% g fp (8_4)

where E is equivalent energy to condition the snowpack in percent
of melt energy, Ts is the average snow temperature below zero, in

°c, and f}l_l is the liquid-water—holding capacity of the snowpack

in percent. Thus, with an average snowpack temperature of —SOC,
and liquid-water-holding capacity of 3 percent, the total energy
required to condition the snowpack is only 6 percent of that
required to melt it. This energy is normally supplied during the
transition between the accumulation and melt periods, so that its
effect on flows during the active spring melt season may be ignored.
In the winter, however, the magnitude of storage potential in the
snowpack may be an appreciable part of the runoff gquantity,
depending upon snowpack condition. An example is presented in this
section to show how to estimate the storage effect over a basin.

8-07.03 Basic data regquirements., — The condition of
the snowpack can be determined by direct observation, augmented
by estimates based on day-to-day variations in the meteorologic
regime, In mountainous areas, elevation differences must be
taken into account, and sampling points should adequately represent
all elevations within the basin, Time frequency of sampling is
dependent upon known conditions of the snowpack. Information
required is temperature, depth, density, liquid-water content
(when applicable), and structural characteristics such as
crystalline types and locations of ice planes. Plate 8-10 shows
the type of information as obtained during Januaxry 1952 on the
west slope of the Sierra Nevada along U, S, Highway 40, Various
elevations ranging from 3000 feet msl to 6900 feet msl were
sampled by means of digging snowpits, in order ‘4o assess the
storage potential of the snowpack in the Yuba and American River
basins, Also shown on the plate is a method for determining the
temperature and structural profile of the snowpack by use of a
Mt. Rose snow sampler and Weston bi-metallic thermometers. A
means of estimating snow temperatures in the top 2 feet of the
snowpack from air temperatures of the preceding 3 days is shown
in figure 1, plate 8-6.
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8-07.04 Formulas for computing runoff delay. — In
order to evaluate the storage of liquid water and time delay to
runoff in a given elevation zone, basic storage equations are
presented. The cold content may be represented by the equivalent
liquid water requirement,

wT
w o's (8-5)
¢ =TEh

where Wc is the liquid water in inches to raise the temperature
of the pack to 0°C, W is the initial water equivalent of the
snowpack in inches, and 'I‘s is the average snowpack temperature

in °C below zero, Negle;b-ing the small amount of warming by rain
heat, the time in hours, tc, required to warm the pack to 0°C is

Wots (8-6)
-~ 160 (ir 4+ m)

where i_ is the rainfall intensity and m is the melt rate in

inches—f;er hour, Additional storage of liquid water to satisfy

the liquid-water deficiency may be expressed as .
S 4
£ = go(W + W) (8-7)

where Sf is the water stored and f' is the liquid-water deficiency in
percen?.' The time required to store S £ may be represented by tf

as follows:

E Sf i(wo I‘Wc)

f = - = 8-8
i. 4w " 100 (i, # m) 56
The total storage potential of liquid water not available for
runoff is
sp =W, + 8, (8-9)

where S_ is "permanent" storage, in that it is not available for

runoff until the snowpack is melted. Transitory storage
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constitutes an additional delay to rumnoff. Initially, the transitory
storage up to the instant runoff began would be

g Lpoaur D) (8-10)

t =
Ve
where St is the tramsitory storage in inches, D is the snowpack depth

in feet and v, is the transmission rate in ft/hr. The time (in hours)

is simply
t D (8-11)
Eon =
Sk
so that
s s (8-12)
t =f° Vt (lr # m)
and, since D = WO/P
E s (8-13)

e
Total storage of liquid water before appreciable runoff occurs is

S wM, #8; ¢ S, (8-14)

or, adding (8-5), (8-7), and (8-12), and assuming Wc is
negligibly small in comparison with Wo’ i

£ fl; (i, f m) (8-15)
5= %! 765 * To0 7 eV,

The time required to produce runoff is

t

t, f ot e, (8-16)

or

T £
1
t = Wo]:160 (ir = * 100 (Er T=gk f°"t:| (8-17)
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the snowpack is negligibly small in comparison with the usual
magnitude of natural basin storage times., As the inflow continues,
and the drainage channels within the pack become more efficient in
transmission of water, there is an indeterminate amount of
previously withheld water which is released to runoff. The actual
magnitude of this effect is unknowm and represents a gap in basic
knowledge.

After runoff has begun, the delay caused by transitory storage in =

8-07.05 Example of storage potential evaluation. — The
data shown on plate 8-10 provide the basis for a numerical example
of storage potential of the snowpack over a basin, summarized from
an analysis contained in Technical Bulletin 17. Through use of
principles set forth in the preceding sections of this chapter, the
storage potential of the snowpack is evaluated for each of 5
elevations and is expressed as inches depth of inflow from rain
and melt required before runoff appears at the bottom of the
snowpack. From assumed rates of rainfall and snowmelt, the time
required to condition the snowpack to produce runoff is computed.
Table 8-1 lists values of snowpack conditions, liquid-water
deficiencies and assumed rates of rainfall and snowmelt, from
which components of storage and time delay are computed step by
step and combined to show the total effect of the snowpack on
runoff, The general equations for computing each value are shown
in the table, .

8-07.06 Tor this example, the total storage of water
within the snowpack before runoff appeared from the bottom of the
snowpack varied from 0,08 inches at 3000 feet msl to 2,86 inches
at 6900 feet msl, For an assumed rate of rain plus melt of 0,12
inch per hour, the corresponding total time delay before water
was available for runoff ranged from 0.7 hour to 24 hours. TFor a
snowpack about 15 feet deep, after the initial storage requirement
of water within the snowpack has been satisfied, additional inflow
from rain or melt will pass through the snowpack with a maximum
time of transitory storage (ts) of 4 hours. The average time

delay of transitory storage for the basin as a whole would be
less, and accordingly, may usually be ignored when considering
the magnitude of total basin storage time.

8-07.07 The variation of the storage potential with
elevation, for this example, is shown by curve A, figure 2,
plate 8-6., Curve B in the same figure illustrates the variation
with respect to elevation of the elapsed time from beginning of
rain and melt before appearance of flow at the bottom of the
snowpack, for the assumed inflow rate of 0.12 inch per hour. Both
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curves are expressed in terms of unit snowpack water equivalents,
from data contained in lines 25 and 26 of table 8-1. These
curves apply only to conditions for the illustrative example,
Similar curves can be derived for assumed or observed snowpack
conditions and for unit rates of inflow. By combining such
curves with area-—elevation data for a given basin, a general
solution for a given snowpack condition can be made.

8-07.08 Total basin storage potential., - In addition
to the storage potential of the snowpack itself, storage of water
in the soil beneath the snowpack and ponding caused by the presence
of a snowpack should be considered in assessing the total basin
storage potential. In many cases, the soil has reached its liquid-
water-holding capacity in advance of runoff-producing rain or melt,
particularly for areas where fall and early-winter rains normally
saturate the soil in advance of the major snowpack accumulation.

In such cases, the soil remains at or near liquid-water-holding
capacity through the winter season. Even for this type of area,
however, below normal early-season rainfall may cause a soil
moisture deficit which might be carried over through the winter
period, The effect of ponding resulting from the presence of a
snowpack is important for areas with relatively flat slopes, such
as in meadows or plains., Where ponding occurs, the time delay to
runoff is increased, and the duration and total amount of
infiltration increased as well., The relative magnitude of the
effect of ponding is dependent upon the percentage of area on
which ponding is likely to occur,

8-08, SUMMARY AND CONCLUSIONS

8-08,01 General., — The effect of varying snowpack
conditions on runoff from either rainfall or snowmelt is one of
the basgic considerations of snow hydrology. Divergent opinions
exist as to the storage effect of the snowpack. They range from
considering the snowpack to be a vast "sponge" capable of retaining
large quantities of liquid water, to the assumption that storage
in the snowpack is negligible in any basin study. Actually,
there are times when either viewpoint may be correct, and there is
no generalization which is universally applicable. The important
consideration is that the actual snowpack condition be ewvaluated
in order to properly assess its immediate storage potential,
Winter runoff, in particular, is affected by the snowpack condition,
In the active spring melt period, on the other hand, within the
first week or two of melt, the snowpack becomes fully conditioned
to produce runoff so that daily melt or rainfall quantities pass
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through the pack virtually without loss, except for the minor
effect of the nocturnal crust layer. The storage potential

within the snowpack, therefore, should be considered in connection
with winter or early spring runoff from a rain-on-snow situation.
In order to evaluate the storage potential of the snowpack, it is
necessary to understand: (1) basic changes in the character of
the snowpack through its metemorphism and the processes that cause
the changes; (2) heat and water vapor transfer within the snowpack
and their relation to meteorologic variables; (3) the cold content
of the snowpack; (4) the liquid-water-holding capacity of the
snowpack; (5) liquid-water transmission rates; (6) the determination
of basinwide snowpack character and evaluation of changes between
observations; and (7) methods of analyzing snowpack condition and
inflow rates on basin areas for estimating the net effect of the
snowpack on runoff,

8-08,02 Snowpack character. — The basin snowvack
consists of individual snow crystals, ice planes and communicating
air spaces, which may or may not contain liquid water. The volume
of air space is at a maximum in a new-fallen snow, This volume
decreases very rapidly at first, then graduzlly reaches a minimum
at the end of the season., The rate of settlement and compaction
of the pack is primerily a time function of several processes
causing changes in form and displacement of crystals within the
snowpack., An important function of the air in the snow matrix .
is the transportation of heat and water vapor from high to low
temperature areas. This activity results in rounding off of the
snow crystals and growth of some at the expense of others and
tends to reduce the depth of penetration of cold into the snowpack.
Impermeable ice planes deflect but do not prevent the movement
of the air within the snow,

8-08.03 Conditioning of the snowpack. — In general,
during the winter period the snowpack loses heat to the atmosphere
and gains heai from the ground, resulting in the establishment of
a thermal gradient within the pack. (For deeg snowpacks, the
temperature at the ground surface is usally O C). The snowpack
continues to remain cold (sub-freezing) until the melt and
rainwater and the diffusion of heat cause the snow temperature to
rise to the melting point. Liquid water entering a cold snowpack
freezes within the pack, becomes part of it, and increases the
temperature within the snowpack. Snow at 0 C will impound
additional water on crystal surfaces and in air spaces as
hygroscopic and capillary water. Such water (held against
gravity) also becomes part of the snowpack and is retained until
the snow has melted. Pockets or cells of snow which are cold
and dry mey exist in an otherwise wet snowpack as the result of
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ice planes which have not yet disintegrated to allow the snow to
become fully conditioned. The conditioning of the snowpack from

surface water progresses downward in a path of least resistance

as one layer after another is completely saturated and yields .
water to the layer below. Neither the retentivity or

permeability of the snow is constant. Therefore, the transmission

rates and water storage capacity of the snow vary with the

character or the stage of the metamorphism of the individual snow

layers. Except for density, no other characteristic of the

snowpack element is regularly observed in a project basin,

Therefore, density must be used as an index of the general

character of the snow as it affects storage.

8-08,04 Evaluation of basin snowpack storage
potential. - The storage effect of the snowpack for drainage
basins in mountainous regions may be approximated by dividing
the basin into homogeneous topographic units or elevation zones,
In the lower portions of the basin, the snowpack may be in
condition to yield any rain and melt tgat may enter the pack, At
higher levels the snowpack may be at 0 C but may possess a
liquid-water deficit. At still higher levels the snowpack may
be cold and dry, a condition for optimum storage of liquid water.

8-08,05 Direct evaluation of storage potential of
the snowpack requires observations of depth, density, water
equivalent, temperature, moisture content, and character of snowpack
for representative areas or zones of elevations within a basgin.
Such observetions are best made by digging snowpits, but cores
from snow sample tubes may be utilized. Precise field determina-—
tions of liquid-water content of snow are difficult to obtain, but
wetness tests may provide qualitative data., Changes in the
conditions of snowpack temperature and moisture, subsequent to the
time of observation, may be determined on the basis of meteorologic
variables.

8-08.06 Evaluation of the snowpack condition for
representative zones may be obtained by direct observation or
from estimates, and the storage potential and corresponding time
delay to runoff may be evaluated on the basis of the example
outlined in section 8-07. Combining amounts in each elevation
zone, in conjunction with area—elevation relationships, gives the
total basin storage effect of the snowpack., The time and
frequency with which such evaluations are necessary, varies with
the changing conditions of the snowpack. In the active spring
melt period, time delay to runoff from storage of liquid water
in the snowpack may be ignored.,
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8-08.07 A snowpack 180 incheg deep, with 35 percent
density, and an average temperature of -5 C, would store about
4.0 inches of liquid water before water would become available
for runoff. This represents a2 near-maximum amount of storage
for the mountains of western United States. In mountainous areas,
slopes are usually sufficient to effect horizontal drainage of
the snowpack, and ponding of water within the snowpack is generally
minor. In plains areas, however, large amounts of water are
frequently ponded within the snowpack as the result of choking of
horizontal drainages by snow. The condition of soil moisture is
an additional factor affecting runoff and should be evaluated in
the total basin storage potential.

8-08.08 A major deficiency in the adequate assessment
of storage potential is the lack of observational data on the
basic snowpack characteristics involved. In general, snowpack
temperatures and liquid-water content are not observed as
hydrolegic elements in project basins, and until such time as
they are, the hydrologist must base his estimates of storage
delay on experience and judgment. Additional basic research is
also required on metamorphism of the snowpack, as applied to
hydrology, in order to understand better the processes affecting
the changes of the snowpack condition.
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TAELE 8-1

STORAGE FOTENTIAL OF THE SNOWPACK 27 JANUARY 1952 _1/

American River Basin, California

ELEVATICN
LINE ITEM UNLIT SYMBOL EQUIVALENT REMARKS
6900 6000 5000 Looo 3000
1 | Initial snow depth 172 161 98 58 25 in. D : Cbeerved
2 | Initial snow density 0.28 0.30 0.38 0.2 0.L0 g/ce P Observed
3 | Initial snowpack water eguivalent h8.5 L8.3 372 20.9 10.0 in. W, £ D
L | Initial snow temperature -3,0 -2.5 0 0 0 °c 3 Observed
5 | Percentage liquid water holding capacity
a. Before drainage 3.0 3.0 3.0 3.0 2.0 pet. r;l ',
b. After drainage 2.0 2.0 2.0 2.0 0 pet. r;‘g :
6 | Initial liquid water content of snow 0 0 0 0.63 0.20 in, * Wp ' Agsumed
7 | Adir temperature 5.0 5.0 5.0 6.0 6.0 20 T ! Forecast
8 | Snowmelt 0.0L 0.04 0.0k 0.05 0.06 in,/hr, m ‘ Est. from temp. forecast
9 | Rainfall 0.08 0.08 0.08 0.07 0.06 in./hr, £ | Forecast
10 | Inflow 0.12 0.12 0.12 0.12 0.12 in./hr. Bt Line 8 4 Line 9
11 | Water equivalent of cold content of snow _2/ 0.91 0.73 0 0 0 in. W | =W, Ty/ 160
12 | Time required to ralse snow temperature to 0°C 7.6 6,1 o 0 0 hr. te Iwc/{ir 4 m) Iine 11 / Line 10
13 | Water equivalent when snow reaches 0°C Lo.k L8.8 37.2 20,9 10.0 in, W, & W, Iine 3 ¢ Line 11
1) | Liquid water holding capacity 1.48 1.L6 1.32 0.63 0.20 in. Sp 4 (Wy + W_.)/100 Line 13 x Line 5a/100
15 | Iiquid water deficiency 1,48 1.46 1,12 0 0 in. Si'. F Sg + W, Line 1l ¢ Iine 6
16 | Time required to contain liquid water equal to capacity 12,3 12.2 9.3 0 0 hr, te lS / (i +n) Line 15 f Line 10
17 | Travel rate of water in a primed snow L3 L3 Lo Lo 36 in,/hr, v, ‘
18 | Time of travel through snowpack _.2/ Lh.0 3.7 2.5 1.5 0.7 hre t't. t. Line 1 / Line 17
19 | Transitory storage (water in transit) in snowpack 0.L8 0.Lh 0.30 0.18 0.08 in. S, | ty (ir + m) Line 18 x Line 10
20 | Total storage time from beginning of rain to appearance of runoff 23.9 22,6 11.8 1.5 0.7 hr, t t, 4 tr + t't Line 12 4 Line 16 4 Line 18
21 | Total storage in snowpack when runoff appears 2.86 2.71 1.k? 0.18 0.08 in, 5 Hc + Sr + S‘t. - wf Line 11 4 Line 1l ¢ Lire 19 - Line 6
a. From rain 1.91 1.81 0.94 0.11 0.0L in. 'Pr I t ir Iine 20 x Lime 9
b, From melt 0.95 0.90 0.18 0.07 0.0k in, M || tm Lire 20 x Line 8
22 | Iiquid water present in snow vhen runoff appears 1.96 1.90 1.h2 0.81 0.28 in, I| Sp + 51; Line 1 + Iine 19
23 | Snowpack water equivalent when runoff appears 51.0 51.0 37.7 21.0 10,0 in. W W+ 5 Line 3 4 Line 21
2L | Total water deficiency at beginning of rain (includes cold content) 2.39 2.19 1.12 0 (o] in. Wc + S; Line 11 4 Line 15
25 | Storage time 0.493 0.L68 0,217 0.072 0.070 hr./in. t/ W, Line 20 / line 3
26 | Average water deficiency 0.0L9 0.045 0,031 0 0 in./in. W/ NO Line 24 / Iine 3
27 | Water released to runoff by the decrease in storage potential 0.Ls 0.48 0.37 0.21 0 in. l-lo {r;l— f;} (Line Sa -~ Line 5b) x Line 2
|
Notes: |
% %ﬁ: it‘ifmuﬁe"gélslzz:i;i"f?mrdbﬁizzig:frf:i:&ﬁnax :hy:c‘i;‘:;:i&: ggé‘eggzé‘the reference temperature.
_3/ Change in mnowpack depth and water equivalent during priming period is ignored in items 18 through 27. ‘

This omlssion is within the .accuracy of the approximations,
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NOTES for FIGURE [ :

L

Observations made at beadguarters, Station [-A,
WBSL (£/.4230), during period of snow accumu-
lotion, December ond Jonuvory, [948-50.

During period shown, oir femperature was continu-
ously below freezing except for very short periods,
and precipitotion wos entirely in the Form of snow.
Melf of the oir-snow inferface would be negligible.

Effect of ground melt is ossurmed fo be negligible
For the period shown.

Variotion of averoge density wos computed From
the summotion of doily increments of precipitation
cotch of Stetion /-8B, odjusted fo the woter equiva-
len? of the snow stoke compufed from the meoan
olensity of snow on (& Jonuory.

The rmeon density of new snow for the period

5 Jenvary Fhrough 8 Jonuary, computed from
daily snow board meosurements of wofer equivalent
ond depth, is 0.09 gm/cm?. On the bosis of overage
ternperctures during the remainder of the storm
periods, the averoge density of new Fallen snow
/s estirnoted Fo be 0.1/ gm /em?* for the enfire
period.

During this storm period, the overage precipitation
catch of the spow stake wos obout /152 of the
cotch of the snow board.
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NOTES?

I lce planes ond bonded crystals of varying thickness
and permeability are usuvolly Formed during clear
weather befween snowsforms as o resuft of melt
water refreezring during the night and olso as a
result of sublimaotfon process within the snow pack.
Crusts moy ol/so Form from the oction of wind, and
cooling of surfoce-snow matrix by evaporation.

2. 'Cold "celis of temperature below melting point
confinue fo exisf in the snow pock befween ice
plones ond wofer courses wuntil the ice planes
have disintegrated apd allowed the percolofing
woter fo reach these cells or sufficient heot has
penefrated fo roise the femperafure to 0°C.

3. Copillory woter fs stored near the ground ond above
the ice planes and in smoll voids between snow
crystols. /n oddition water is ol/so held ogainst

rovity on snow particles by odhesion or surfoce
ension.
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NOTES :

L

Snow densities in gm/cm?® on this plofe

are equivolent fo commonly used densities

in percent, divided by /00.

Density measurerments were mode by SI/FPRE person-
nel of CSSL headquarters (£l 6900). Air femperao-
tures were tfoken ot acbouf the fime of densily measure-
ments af 4 feet obove snow surfaoce .

Times of accumulotion of snow before observation were
variable ond were always less fhon 24 hours. The
averoge fime was probobly in the range befween €
ond {2 hours. The results, therefore, cannot be
applied directly fo fthe usually observed 24-hour
snowfalis.

Variability is also infroduced info the cbove relation=
ship os the result of vorying rotfes of snow aoccumu-
fofion which have not been considered.

SNOW INVESTIGATIONS
SUMMARY REPORT

SNOW HYDROLOGY

DENSITY AND STRUCTURE OF
WINTER SNOWPACK

OFFIGCE OF DIVISION ENGINEER, NORTH PACIFIC DIVISION

CORPS OF ENGINEERS U. 5 ARMY
PREPARED: BRR .. SUBMITTES: RoB. TO AGCOMPANY RERORT
oaTen BO JUME IRES
DRAWNI _ BoL APPROVED: DM o PD__20_25/46

PLATE 8-|




CORPS OF ENGINEERS |

U. 5. ARMY
oct MOV DEC JaN FEB MAR APR MAY JUN JuL
1,200, 19 20 al 10 alo 3o 1o 2o al ] 20 ai 19 20 28 o 20 al 1] 20 30 1o 20 El I ia 20
9 | Mote! | | ; ; y !
> -t —_ -
o '|_ N % ‘p Ineident rodistion meckures . i FIG:URE | SHORT-WAVE RADIATION
g AL - ; during and immediofel affer 3 _Ii"_}{ ‘(PYRHELlomETER AT STATION 3) =1
3 00 | | i o o sforms were frequenthd smoiiler ,: x [ | . o E |
= ncident Radiati Oniy - 2 ‘E, kb ,auu;z uu_:‘uu broouse "g;:" fire 5o i s:l. = 2 ?71  F—
& ool | (e Refiected Radia o Record) | g & W e fiost on fhe pyrheliometer. £ & H o :
1 'Lnﬂ—l | = % H /-.-’nr:f'den.l‘ 12 i "q & LA 1 % o
400 ; ] 35 & _ ; 4 ik 5
= iy g T B 5 £ rrecied 1} W t & b
% 200 l é SRS g 7 e g s r'hjl{iw‘
: | P T Ry RS 1 —
o [* '
oo 1
. T T T T T T T T T | CQM - mr/ﬁ?
e | | FIGURE 2 — DAILY MAXIMUM AND MINIMUM AIR TEMPERATURE | i« B
w { | (HYGROTHERMOGRAPH AT HEADQUARTERS ST.&TION} = T A7 1 2y J-'/ /
B i I - L L e | j et AT
Lo J I | " L ' I (e
w | 9
L 40 H l T I 11 {, IU v t { = 1 1] Ir !T 1 Tl 1l J l i ki i ke ’ 1t T”T! 11 &
a [ DMLY T sgy, ITH T Tree nl S—— P I I 1 T T T LT T, I 1 i 1 S L ! ; <
2 d it 1] I 141 o11l ﬂ 1 I AT JES H RSHIYS 'I i 1T I 't ! 17 == i - G
W T LA R ] gz e R sy st sz et a0 i) 2
% | | i i : l | i 1“ LiE! I ¥ | + . - | 52—
| |
o | = uj
4.0 : 3 s =
B B 7 f " :
%28 | x
2UY 2.0 il A | i
34 oh 1 TR B '-
0 / 7 ! P 1 - =
; VT AT L.] |~ e ] F‘F ft i Al i —M?ﬁ_’j‘%" = ° VICINITY MAP — LOWER MEADOW
SCALE IN FEET
SE§ I o_@_m_fer equivaient of snawrfall i r u i | Ll_r[ . _ | T = y s Pres
] Rain IJJ LI |"J =] L |
ﬂgé 20 g - t—| : s FIGURE 3 — DAILY PRECIPITATION AT 1000 HOURS |20
ool [ snosrors | | (HEADQUARTERS, STATION |) | | !
I 1 1 1 4 L] a
130 ! 130
| ' '
| | |
LEGEND '
i20 I - — e e L O =N === . | | I _ !_ L 120
1
5-15% Densify of spaw in deep pit orga | FIGURE 4 — DEPTH. DENSITY AND TEMPER URE Notes:
———— | 1
I it : - R » " J I Sefiling mefer recdings, showing positions of snow foyers
- s e el #E-ESE ! { 1 * CHANGES |||\3 SNOW LAYERS OF THE PACK i the snow pack c‘on!.f‘nlrous!y Fhrough the season were
——— i - (AT LOWER MEADOW) T Ha obiained From the Snow, /ce, end Permofrosf Research
25-35% " " " a* ’ " ’ | | Esfabiishment insfallofion of C35L Lower Aeadlow
(Sfefion 3) ouring Fhe /952 -/953 season. The shide
35-257 " " " v ow " » wire seftiing meter is described in SIPRE fransiotion
160 ) | o0 No.id, "Snow ond its Metarmorphism”("Der Schnee
— = = = 7wl & 5 I B [ I — und Seine Metornorphose |, Beifroge zur Geologie der
S5 Schwo(f'.', Gj-jfechnische Serie, Mydrologie, Lieferung3)
Bern (1239} ).
wease w | w wl s sl 5 |
40 1§ i - | . - ( | ‘ i E. Temperoture ond oensify profiles of the snow pock
P s = _ f\ — were obfoined From deep snow pifs, dug indiviaduolly of
® .;r-;chn :t;;orfmr osifloned | \ L * the oeep oif oreg of the Lower Meodow, CSSL, (see
(Setfling Merter) A\ i \ Hicinity Maop, obove), of opprorimorely one week infer|
Chservep lsofher I rols. Dbservofions were made, under supervision of
a0 S | i [ | ey 3 —r | <\ f‘.\ 1 1’[ | [ e 1 80 SIPRE, generolly befween /000 ong 700 hours.
"""" Eztimorted | A | ‘/11 rSrow Surfoce | 3 Mo offempi wos mode fo show fhe overoge femperaturs
@ /L x of the surface snow layer, where doily freezing ond
i f/ | thewing is effected by the diurno/ chonge in heat
2 7o i s 70 supply of the surfoce of Phe snow pack. Note suolden
= 2 change in thermol choracter of snow pock ouring
,E (\} Ly | cccwrance of rain on 8-8 Jonuary (953,
Q 4. Snow densities were defermined by weighing horizon-
60 &0 fol somples foken with stondord 500 cc steel cylinders]
E from south woll of snow pits. The overoge density of
g e snow pack by this method /s one fo five percent
n | smaller fthon the density of @ verfical core sampied
| Horizon|Morier by @ Mount-FRose snow tube, becouse fhe horizonfo!
501 1 — 50 somples from the pack oo nof contain ol ice lenses,
| while fhe veréicol core in o Mounit-Rose fube confoins
all layers through fhe enfire snow pock,
5. Plots of daily short-wove rodiofion, maximum ond
40 ! 40 minimurn femperoltures, precipitation, snowfail, ong
i streamflow in Cosfie Creek, show ?he morch of hydrod
meteorologic evenfs curing snow occumulofion ‘ond
Wi ekl Esec, =8 RS ok o ) D e 4 s 551 1 e : | melt periods.
30 fi A REER Y i | i ety — | a0 6. Cosltle Cresk dischorge (Figure 5) wos compurtes on the
T o | bosis of oweroge goge helghts equal fo ane-fAolf of
| fhe dally moximum and minimum volues.
7 Daily moximum ond minimum fempercfures and aally
2ol B B | 20 precipiforion and snowfall were obfoined From
recoras for Sfafien l, CSSL, focoted cpproximately
! 5 miles Southwes? of the Lower Meodew (Stofion 3).
& Deep pit site went bare when basin snow cover was
o ! 6 ochouf 507 .
8. See Figure !, Plote 8-3 for snow clossification, fermp-
erofure, ona density praofiles.
el
Q
200 — 200
-
Effeclive runof™f From roin on gnow | ?:E
‘
- began|at 1000 pours BJfanuary —_,—-—'-1|_ 0 . iia SNOW INVESTIGATIONS
n ¥ H [ T —
u Lysimater record shows & inches of | |§ 3 o FIGURE 5 — CASTLE CREEK DAILY MEAN FLOW SUMMARY REPORT
% runof T from 1000 hours & Janugry 4 U | SNOW HYDROLOGY
£ to (408 hours AZ January. Peok cuffion % g L o
Sion was apout 027 nghr of 0500 howrs on BT & - 100
% ?Jom;a;{. ){: is be.-"revgd;ho! #he peok oo 8§ Wofer ) ] 1 SNOWPACK CHARACTERISTICS
z Jom gt the Flume wos in fhe order of g oW Oischarge is camputed on the bosis of loveroge | cSsS 1952 -
x 500 effs ond orcurred one day doter; ¢ th gage height equal to|one holf® of daily mowi- st L’ 2-53
B s this is|equivalent fo o rofe of D.&( in/hr. & 3‘ ‘G mum gno’ minitmum volves., "'L|
B2 | b Bl = | 50
'i%§ g F _,j ) OFFICE OF DIVISION ENGINEER, NORTH PACIFIC DIVISIGN
11:0__._ J'IJJIL’_\_"J CORPS OF ENGINEERS U, 5. ARMY
. |
o L e TR ;
L ) [ 30 TG Z0 3 ia 20 3 o 20 28 a 20 ET G 26 30 0 26 6l ] ED) 30 76 20 e et oarte 3 e roae
v DEC JAN FEB MAR APR MAY Jun B
1952 1953 ! I ot i [ PD-20-25/47
!

PLATE 8-2




‘\.

CORPS OF ENGINEERS

‘ U.S. ARMY

= Aol = e

D E P T H, |

S N O W

TEMPERATURE, °C

D E ~N =Y [ T Y, P E R < E ™~ T
70 50 40 30 20 (0 O 50 40 30 20 10 0 50 40 30 20 00O 50 40 30 20 10 O 50 40 30 20 10 © 50 40 30 20 10 © 70
[ [120P HR] 17 fov 1p52 1115 HR, 24 Nov 1952 140D HR| 3 DEC 1952 110p HR] 10 DEC 1952 113p HR] 17 DEC 1952 ||o|b HR] 23 DEC 1B52 il
/'Ji. ) | |
so T e ersitly 265 ST A L el 5% Avg DI 347 glee
Avg Dmsity 230 Avg Density 258 Avg Densify 28% avglo 25:-.::::.{,, i Lg|Dens/ y': ,-.../"V — ( g £ b
- o : | e ~— X
sol = e ] __r-"l";__j\_)_ = i _so
| ST e gr B
, ) s % ) 5N B
i == = i ] 1R il Y 4. | a0
= | 5 || T - 1 I 1
=1 g ) I §
l [ ™ A Vol ¢ | o
3ol rlermpergfure, T 12 | ol e i 3 o ,_j,j 1 . < 1o
S P R '*" ! 3 s -4 | “as
-C;_L e s : Y T *";‘ : [ | 7emp, Ty =
20| "“-.‘r". 45 '1 ol i g '.f ! d4 =0
L _. i ! I s s
Densgit | ~ 5 F \ * '\_ roensity, \ e
s MF":‘, -—‘\r | ) | / ]  LE]
s e ] i % ;. o i e
- [ il [ { \‘ ;
e \ > o
. 4, [ Z g o
1200 HR| 31 DEC | 1300 HR| 25 FEB 1953 130p HR} 23 MARIB53 1230 HR, | APR 1853
= ed
sol o — __ L = = —iL_ - = —{=0
Avg Densify 3/1% Avg Density 384 &) Avg Density 38% | - Ayg Density 453 §Avg D 402 o Avg Density 512
=T 7| [F | T | i
sol_ |Temperatureti— A= L e ] Q'_‘::‘ J‘::‘:i: _x NI oG e _lBO
T T = E i
bt ¥ bS58 i - I T"/-r b -
70 \\\-- J o ey s T e e ¥isd 2N * ] & \ _jf 7o
11 _:\.\ et . S el I e - 2‘ ! Bl
a 7 '\\ 3 |« pq’..rb‘ 4 é \F. . | 2 - = | . L
Density, p—=; ) ) cT B { R S La—TDensity,lp ﬁ
(SR Atk I : I
= o | i / i :
A= o % <) 345 ™~ ¢ ! ¢
4 %0 a £ % A 3 E ; o
50 = &5 —4: < % —— ~Toaf —S0
H g‘lu E / B \ 3 \ a0
o 9 g8 g A 3 2 | e ; } e
| £ Gy -, | ol & s ., e £z =
1 + B, v LS N I [¥T
40 N mo 8 A | >, 5 1 Pld t il —Jao
B —f S¥e | i Y| S 5 1 < = b
‘f' 58 1 5B i o kY ; ~ Le T 2 ¥ -
o B ylE ( s 2 gt | \ 5 e | 3 emperafure T o5
3o P~ S o5 | s v 24?2 /| [T 4 e 1 T G 30
— 7 TS5 1 IERNEY ==F o 5 - T £
La o 3 nE g = 4 B ; |
_}r’ 240 | < < 3% || S|y o
20| e EelR ] —}7 b S4B 5 | Clese i o | =0
; R R I 4 N B 17 i i
: ERIRY i il 1| s g = |1 =5
i C M 1 : Sk U P I 2]
1ol - o 52 e J “gm !j_c,—g L 4 H = —Jto
-7 z 2 o L™= . i [t S =1 ~ 5 5
13 E 8 e -0l 5 B e T) ea T /
i N o X O - 00.!:3 005 | B ol b
o ! E G L £ | P i 34 . il
Lionm=8 =6, =4 =2 0 =0 =8 -6 -4 =2 0 =g =8 =6 -4 -2 O =19 ~8 -6 -4 -2 O oloms8 -6 -4 -2 -10 -8 -6 -4 -2 D
N E (%] = (== = A 7 (&) R [ = b 24
FIGURE | — DEEP PIT OBSERVATIONS, CSSL, 1952-53 WATER YEAR
-8 16
L b
= \ 0 Al
- Ll
~ /—"‘ \ I 2 f by B
-8 - = | i g 12 5 / T T 3 3
8 o robe - \ z 31— o3} g
0% ¢ % P
5u5ff . P C ] aff 5 3 5
L= 10 12 < iy S = o
7 e L phs gfl ¢ ;
Sl poc) o 3 / oy ™ o
-4 e % £ 7 8 9| ¢ = o} i 5]
B o B ]
s '5/ ~
. W /
. iy‘" 2 AIR / / B
|2 cE 9 I o ] Q [ %
/ A2 o 57 5 o] 35 & ] L]
uf <
2 o ° 2% ‘,\ o d £ 8 n & &l oRE i
" N ! L i
o =
/ N “% L \ 2 408 4 5
/ - ¢ = D"‘)o Snow Surface
/ oY g
S | L a _Lef — £ 0700 Y| —psgo- —
1800 2000 2200 2400 0200 0400 0600 0800 1000 ) “::*\H“‘HX - )
TIME, HOURS z = =50 2,
H 2 H%E\_\%é 205, %0
= ﬁ:huh\‘:ﬁ"“‘--.__‘_'"“‘-ao "fggo
FIGURE 2 — NIGHTTIME COOLING IN SURFACE LAYER s "-:.:__‘\_:\._::"‘O¢0§O"~
OF INITIALLY MOIST SNOW, 12-13 MAY 1954 e D R L, ~
’ w L -
e SNOW AT~
NOTES For FIGURES 2 ond 3:— = RSt
Z o | | 3
L Qbservotions made of Lower Meachow, CS5L, jn connection |18 18 20 22 24 26 28 30 32 34 36
with lysimeter studies of snowmelt. TEMPERATURE,F
2. Air and snow femperciures obforned by use of Thermohms L : ; : . I _:2 -Il é

from which continuous records were abtoined through the
night.

-8 -7 -6 =5 —4 =3
TEMPERATURE,°C

FIGURE 3 — TEMPERATURE PROFILES NEAR SNOW SURFACE

DURING NIGHT OF 12-13 MAY 1954

{1 JONE =] o | =Y

& E BT H 1

S N OO W

‘ LEGEND
FE;:::‘::‘C) "New Snow ' "Powoer Snow"
FELTLIKE

NG

e

7w 1
"SETTUING SHow'
(inTRansFormaTION ] [2el

"OLb Snow","SeTTLED Snow”
| "Firn"
[:] 0=1.5mm DiameTer
GraNuLAR 1.5=3.0mm DiamEeTER

(1somETRIC) Over 3.0 MM DIAMETER

s Hoar FrosT
T =] CompacT
k] GranuLar

wew Wino EROsion

SurFAcE
228 CRUST

WeT Snow m ConTains FrRee WaTer

VTES For FIGURE [:—

Mverage pack density defermined by verticol sample with
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Horizontal density saomples token with 500 cc cylindrical
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¥n Aomogenous horizons ond oo nof include ice foyers.

emperafure in °C foken with Weston bimotellic oicl
‘hermometers of positions indicorfed fhus:xx.

P°C isothermol condition of the snowpock continued offer
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bservaotions made af Lower Meadow, CS5L, under direction
S SIPRE.
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Notes:
[ Dato Ffor tempercture variofion of various levels /n snow

pack ond ground obfoined from Thermmohm dofo For
Stafion 39 of UCSL and Sfofion! af CSSL.

2. Snow olepths and air tfemperafures for this period as |
shown on Plofe 8-4.

1 SNOW INVESTIGATIONS
3. A}l temperotures on these figures are fhose recarded of SUMMARY REPORT
O700 of each day.
g i SNOW HYDROLOGY
4. Surfoce loyers show lorger femperofure Var.*of;ons with
respect fo fHme. The amplifude of these voriotions
ofiminishes with increosing depth of snow from the SNOWPACK TEMPERATURES

ace,
oy _ i UCSL AND CSSL, 1948-49
5. When the snow pack reoches the isofhermal condifion
at I2°F, there may still occur diurnal lemperoture SHEET 2 OF 2
variotion in the "crust" loyer (overoging cbout 6" in
depth), which freezes by nighf and thows during fthe |
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AVERAGE OF PREVIOUS 3 DAILY AVERAGE TEMPERATURES,'F
(FROM STA.3, LOWER MEADOW, HYGROTHERMOGRAPH TRACE)

COLD CONTENT AND MOISTURE DEFICIENCY
(ToP 60 CM OF sNOW)

FIGURE |

Notes:

/. The curves cre based on weekly snow pit observations ond
femperofure dofa af Lower Meodow For [952-53 seoson.

. Curve A —Used when preceding 3 doys ore generolly overcosh
. Curve B~Used when preceding 3 days are generolly clear.

2.

3

4. Below 60 cm depth, the snow pack femperoture does nof
chaonge appreciably befween observations.

5.

. Example:
The overage femperafure for fhe 3 doys preceding the rain-
foll is Z7°F, and the weather /s overcast. From Curve A,
worter required fo raise the tfempercture of the fop 24
inches (60 cm) of snow pack to 32°F js 0.07 inches. The
remainder of the pack (60 inches) hos a temperature of
approximately £28°F and g density of 0.32 aond requires
0.22 jpches of woter (60x 0.32x0.5x1.7/80). 7%:.;3
a total of gpproximotely 0.28 inches is required fo
roise the femperofure of the snow paock fo 32° F of
this sife.

6. Symbols:
P = Snowpack density, T; = snowpock femperotfure

Notes:
'

2.

|
DRAINAGE AREA| (FOR USE WITH AREA-ELEVATION CURVE)
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ILLUSTRATIVE | EXAMPLE OF DETENTION OF
RUNOFF BY SNOW PACK OVER BASIN

FIGURE 2

Curve A represents evaluation of snow moisture deficiency
over basin, os ¢ finction of elevofion, in terms of unit wafer
equivalent of snow|pock.

Curve B represents #fime For woter fo reach bottom of snow pack,
including time reguired fo snow moistfure deficiency and fime
Ffor transit of warer fthrough pack, on the bosis of an assumed
rote of infilow af fop of pack of O./2 inches per hour, including
roin and snow melfls
Doto for these curves derived from anolysis of 27 Jonuory /952
snow Surveys along U.S. Highway 40, between Auburn and Soda
Springs, California, and cpply only fo thot condition. For ofher
locations ond conditions, similaor curves con be consfructed
from observations| of snow characferistics which adeguately
sample basin conditions, porticulorly with regord to elevotion
difFerences. |

Use of' o basin oreaijelevation curve (such os hypotheticol one shown)
allows direct recrd,rhg of (t)snow-covered orea, (&) oreoc of snowpock
primed fo yield runoff directly without storoge, since femperoture and
warer-holding requirements ore sotisfied,(3) crea of snowpack of 32°F
with moisture deficiency, fhus requiring storage, end (4) area of snow--
pack af <32°F, which will sfore woter fo sotisfy both termmperofure and
water-holding requirernents before yielding runoff.

SNOW |INVESTIGATIONS
SUMMARY REPORT

| SNOW HYDROLOGY

COLD CONTENT AND MOISTURE
DEFICIENCY OF THE SNOWPACK

OFFICE OF DIVISION ENGINEER, NORTH PACIFIC DIVISION

CORPS OF ENGINEERS U.5 ARMY
PRER_BBE. . ___ | SUBM._RBB.____ TO ACCOMPANY REFPORT
DATED 30 JUKE 1250

oRawh: B | ppeR QMB. PD _20_25/5 I

PLATE 8-6



CORPS OF ENGINEERS

U. S. ARMY
APRIL 1948 MAY 1948
28 29 3o I 2 3 4 5 |
= = el ___les 20 40
-
| | \ W 5 - 18 [t] Show Surfoce
i R S z 3
0 a
b so | :7""‘\.1 i 60 2 Sris 303 "]
= = T
W | Snow Depths—1 N rf‘-\.LL | . 3] «
O o . | (A#| sitel of [free| worer \ ,_ = ! | =
; | copfent mepsurdmenit) “ ‘L‘_LLL‘ & é 2 -
# "]
2 a0 ’ b L |ss © L B0 Pepth 203
a L Codt/e dree k Frow p | J-IJ N— =i W e ik it 5
5 y / (Droinoge orec |3.98 sg-mi) | i 3§ [ ] u.é A Y Y Principol weter course
8 ] | ; EE 24" Debih z ,:‘fz::‘;f‘.-ea’ by fuchsine
T o0 — L ] ! 50 It s S T3 oe-
2 [ | | x *Q\ | o The snow-probe
i | | | | | 2] s 3 cepacitor, colibrofed
z o0 ; o v by calorimetric method.
FIGURE | - DISCHARGE & SNOW DEPTH by J Py | o
' o s 1o 15 =20 25 30 35| 40
= : TIME IN MINUTES AFTER APPLYING
} [ | ‘ :E | [ E WATER AT 32°F TO SNOW SURFACE
G S - !
a' s J WATER MOVEMENT THROUGH SNOW SCHEMATIC DIAGRAM OF WATER
= } i
z 75 | ik L7 DETERMINED BY CAPACITANCE METER COURSE THROUGH SNOW PACK
a S |
Air Jemperotire B A o
Iz o3 .//“ 4'Aboie| snol of Hy.) | U ;‘g "/ L |
o Tt R . T ST N~ 3
= | e L — 327 I R FFEH 32 Pl = = =P — A= o ul FIGURE 5
; 25 \_X-ﬁ'—"' _‘“'-—-——ﬁ h*& ?// E{/ a — k |
a ; i N 7 | © |
X l eol Llw \-‘-J ; H‘L; J < Notes: |
gt "I—= ' I Deto for Figure 5 were defermined by Dr R W.Gerdel
5 FIGURE 2 - SOLAR RADIATION & TEMPERATURE from meosurements made /D Meayy, ."948: of CSSL. See
Tronsoctions, AquJ June, 1954 for descripfion of instru-
ment ond methods wused.
z 3 - T T | ™= ‘; /T 1o 2. Density of .sno+ was O0.46 gm/cm? before experiment.
9 o Precipifolfidn meosured |of /O30 Hrs |doily. ‘ ‘ | | | 3. Temperofure of] Nquid wofer ond snow pock of 32°F
Kz .2 ; " . o === | B /: } 5 before ond offer experiment.
EN 0.04" 063~ JAIES XA 60 ABOVE GRQUND| / |
ey i 1 7 ' '
8. = 1 d i : o : A o ‘
x Y _|J
oz l_|| ! |
C!_ o B l_r\-rr'-l'"'L“J'I]_L. '_I'I 1-|,.a--i.lJ-L’-l-l.r\.. | ‘/“L‘ = 10 2 98
I |
7 | sls” | L ms" .l rlo” | 52" ABOVE GROUNG /AJ\\X > il ‘ : 8 ! [
L = | E— e = +
New| snoW delprhs| medsurdd of /03a Ars ‘c"o;'{g | / St ; ﬁ z
= <
- x | i z 2 a4 & % 98 \,\.
a =2 0 )
FIGURE 3 - PRECIPITATION | o 23 o2 V\\
- | +—Ajto 3 Zq " E b
42"ABOVE GROUND //W ¥t /'T\\ e a2 | £, ' s
4 ] SN S ek aCe <:n“ |
I T z J FOPE g o O
| | | A & £2 -
1 | | { [+] E o 5 u «-tl o | ,
I I I | | ui EF Se
N S 3¢, 98 | e
- © ~z 8 82
i : ! ! | 2k w F =2 Note: Meosuremepts mode|in /94€ olf CSSL
31'ABOVE| GRQUND TN ]I J/(_D\ ) 5 % ::':j u 2 Hy Gerdlel| The /ine|/s drawn|by eye.
| \,\; I G - - « Densify a;"?er!cf}'m’no‘ge
Note: E. ! > -9/ 6 @9 i = e © Density before idrcr.-‘ncge
The megsurements Shown fn Fig. 4 were mode ) I T et = e =7 T 5 E8 FrS
of o leve! site near heodguarters buildring, | | & 5
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SNOW INVESTIGATIONS
Note: SNOW HYDROLOGY

OF the /iquid water entering fhe spow pock, 0.3"/s used
in raising the femperoture of pock tfo 32°F ond

c::pprc:x/m ofe !y

0.5"is permanently retoined in pock.

The remainder (6.0 of the inflow oppeored os runoff.

SNOWPACK WATER BALANCE
DURING RAIN ON SNOW
CSSL HEADQUARTERS LYSIMETER

OFFICE OF DIVISION ENGINEER, NORTH PAGIFIC DIVISION
CORPS OF ENGINEERS

U.3.ARMY

TQ ACCOMPANY REPORT
DATED 30 JUNE 1956
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NOTES for FIGURES [ 2,63 i | LEGEND
l Chorocter of snow pock /n Meodow lysimeter:
- 5 & 3 2 | B w ' ght=ti ;i
DATE DEPTH AVG DENSITY | AVG. TEMP 8,‘ tg o g | 'sfer eguivafent of night-#ime heo! Joss from Snow
T & 1) (o [ a iy .
22 Aﬁrﬂ 54 0.50 gug- a8 od - b —— W Lij as - Liguicd woter from melt or roin which upon
24 45 2.51 et c % 2 i | refreezing within the Told” joyers of snow pack
3 May 43 Q.52 Q°C. ‘5 P | 6 “6 releoses i*s Jotend heof of fusion ond roises
& é | @ = the tempercfure of snow fo t*he meliing poind
2. For the compufation of fhe hourly snow melt by heot and afse prowvides for liguid woler odsorbed on
bolonce the 2d-hour ooy wos foken fram 1900-1800 7 Y | the snow crgstols. s spring, /f is the melf-wofer
hours. See Reseorch Mofe Mo, 25. -3of B T . | T - po equivalent of heot gain reguired fo replenish
i ! X ) i A | night=fime heot loss From fhe Surfoce lager
3. The #ime doistribufion of the portion of 4 Co_”f”fe_d "r"-"r"'rc";: ;’ijg‘g Lysimeter | | | Such wofer does nof confribufe fo the Twoler excess”
dogtime melf going info ‘permonen? storogeor being (= .qunf'b!r’.f\* . ""’WWG‘J‘Q) L 1 or runcff until 1t Aos melted.
used up in reducing fhe cold contend of fhe snow is | Totel = 6.81 1Gaged ?UFﬁﬁPi rfgz"-foc;‘-jf_s simefer
only on opproximafion fo {llustrofe the penefrofion ond | oral = & F “War # i it i
melting effect of solor rodicfion below rhe "told” -1t 7] I 25 m mf:;_ﬂixc:‘sﬁ 32’;;"’:::?; ng-:;‘e;’o::Z‘zs’,gig‘jg;h:;e
surfoce foyer, os well os @ ffkely smoll omouni of sur- rj( 2
foce melt wo;er which moy poss fhrough the cold 71 7 PRSElORS. CRPROIE. S nUnDEL:
; ; ’ ; # [ 5
i::emt;i?:uf rz'f;-eezmg, befere the entire crus? recches L Goget! Runoftf o Mdodow Lylsimerer
g poini. 3 = 4.4
3 " &2 .‘ {Tofal= 4. |
4. The following comments ore offered fo exploin fhe = 20 : | Ba
deficiency in runof¥ of Heodguoriers snow lysimefer E3
o. Snow meld of Heedguorfers lysimeter /s approx/- & GENERAL NOTES
mofely § per cen? less thon thot of Fhe Lower ] L Drafnoge oreocs:
Meodow fysimefer F = )
&, The snow pock of Hiodguorfers lysimefer wos fn SHSOCC, I Ima T S0, Sl
s nofurel! form on the rochk foundaoiion. The NE) | |5 Heodguaorfers lysimefer /1300 sq £F
Continuous foe plones in the snow pack impecded | 2. Defoils of consfrucéion of lysimeters ore
ang undoubfedly coused @ portion of the melf | shown in Resecrch Nofes Mos. /8 and 25.
woter fo recch cufside Fhe orec of fhe lysimefern |
/n controst, the lower Mesdow lysimefer snow wos
sSgporofed from the nofurcl snow cover by o holi
inch slot. Thus oll surfoce melt wos fed 7o the 1o S | i)
impervious Floor (/8 inches below fhe batfom of Permanent |
the snow pock) and fhence fo Fhe goge fonk. Storage=0.8/7
.05 05
NOTES for FIGURE 4 > —~— |
e e e 3 _',' e
L Before beginning of roin, cepth, cveroge density, ond 0.0 : z R, I b
fempercture of fhe snow pock of Heodguoriers fysimeter 2000 2400 QBO0 1200 1200 1600 2000 2400 0400 DEDD 12040 1600
" —-3° '3 ]
were 847 0.32 ond -3°C, respectively. 7 JANUARY B JANUARY "ll" 5 JANUARY e Vo .JANU.RRY——>1
2. RPoinfoll af Heodguoriers Friez goge wos 4.8"ogoinst
4.3 of Meodow Sfzvens goge. 1853 |
3. The odeficiency in runoff of the Meodow lysimeter wos 0 {
ue fo dome-iike configurofion of the Jce plones. Prior FIGURE 4 RAIN ON SNOW
fo the oisinfegrotion of the foe plones, melf ond roinwoler
possing through fhe pock ron over Fhe ifce plones fo
outside rfhe boundory of fhe lysimeder. AFf Aeadguorfers
fysimeter, it s belleved fhot the jce plones were nof os
impervious ond contribution From oufside the lysimefer
oree egualled the inflow Jost from the lysimefer orec.
<. The onolysis of fhis ro/n on snow even? ond rhe re- SNOW INVESTIGATIONS
constifviion of fhe runoff hydrogroph of Heodguorfers SUMMARY REPORT
fysimefer ore fn Research Nofe No. /8, I5 Moy 1954.
7’ | SNOW HYDROLOGY
|
LYSIMETER RUNOFF HYDROGRAPHS
OFFICE OF DIVISION ENGINEER, NORTH PACIFIC DIVISION
CORPS OF ENGINEERS U 5. ARMY
eREparEn FRR . lsuewiTTED: PBB T0: ACCONPARY. REFORY
DATED 30 JUME s
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Afownt Lase dmow Fvde wibh a cors From Fhe Sromoock, fesd
97 a shaged dmew Jurface. A a shooed Serface A3 ner avasfadie,
7elE femperafure and fhe carrespenoing aepth readings as
rhe Jode i3 grewe From Fhe pack and shaded by fhe oblerves
Decendimyg an e deolsh, rhermomerers ray be Spoced Frem &
Ao Bf inches apar? fo oblein Fte average Temperaluce of fhe
Smewpack. Legve fube in Snow pock fong enough fo come fo
equilibrivar with the surrounding snow.

e i
(Gmfreren)

Hin ke fens e dons
Classification of fhe Snompack t& visaal inspection of Fhe core.

Ao te: a_"ce ferses or Aeavy croshs may nof 88 a5 pumercus or peerly as
imperyions s fereslsd arcar.

A PROFESED METHOD OF DETERMINING TEMPERATURE AND STRUCTURAL DROFILE OF THE SVOWEHCK WITHOUT CGING 4 BIT .

Observatidns foken on 27 Jan 1952 1055 b 410 hrs.

Sife ' Forested area on dit road, shaded, level

Avg. densi_'-"yr . 37 % Snow is wed ond of its
| moisture copocity.

Observalions Taken on 27 Jan, 1952, 102570 [040 hrs.

Site: Openjerposed fo full insolation except between

Aow /5 wal ond of its moisture caopacity.

Whesn 27 Jan /F5E 1430 fo 1500 brs

4 Sowfh, seew sfc. 85 sie . fult

b #" thick, not impermeobie; no

eon of mrelt wafer was mef

pken on Z7 Jan 1952 | W50 b 1220 hrs.
polation on snow from 1100 fo /400 hrs

% . Snow.is wef ond appears fo be of
its moisture copocity

L "2h. Smow Furfc. é"a"é. Snow sSurde.
oo / ___“‘_\-\[_ Snow Surface
= .\ Med. | coarse [
a0 >° cosnse -'-‘hﬂensj:’q sampler
|
Fiae “'_\ |
Westar metal :‘;‘.!ermamel‘ei‘
CFF_ Shaded wall of snow pi? , 60 e | ) 3 |
‘5 5
e ( . ELEVATION 5000
g ¥ = Rl Rl o L LS
] £
o 40 ) - Notes :
i § Cbservaltions
= Weather : Clesr & calw
w .
i wl Sife: Exposed|
20 inselation s day
A Avg. femp. ©°¢  approx
ELEVATION 6300 LES Avg. densify 3B %
. ice pianes: 3 " A
Note: o % Grgoidd i appbrent Free woter
Observations takem 24 Jan 1952 1500 to 600 hrs s o+ 0 0 &0 S - {Damp, unfrozen percola
Wealher: Confinous Seow, Wind -2 gw fhr Temperature °C Density, % defectable)
New fallerr snow dersity 785 Jo 186 % measvred.
Site: level, 20° & of Ha lysimeter north wall
Avg. Temp. of pack, -3°C
Arg. density, 283l
lce planes: 7 "o £7 thick, nof impermeable; no
apparent free woter o5 cib b, snow surde. {Snow surfe.
Coarse
ELEVATJQN JOQQI
fire & coarse Mofes:
40 Observafions 1
) Very coarse % Wealther . Clear] & calm
2 2 Site : Level. in
L Ground Sfe s f Fifre B Avg. temp olc.
(Damp unfrozen) ‘;5; 20 \ _E Avg. deasily 34
w
5 " \ lce plones: § |tod"thick, disinfegroted
» fine g codrse | i Aughway [ paved)
3 w“ ¥ wet, vnfrozen
= a o+ 30 4¢SS -
= Dens. %
40
I ELEVATION 000
E & & 2" ab. | snow Snow Suric Notes:
- s " L
. 20 o F‘:’i“t Weather - C(lear & calm
& iae g coarse Lo,
3 Codrse g~ Shaded wall
" Avg. f2mp Il e%c
b - Graund
—— Shaded wall a Fine & coarse 'l |
C - o+ 30 Jd0 S0 ? oo (et unfrozen) No visible ice plones.,
Temp. C Dens. % &
ELEVATION €000’ 40 -
E 000 "
Note . .Snowysmfc . Motes:
Cbservations faken 27 Jan 1952 (530 fo 1700 hes, 2 L Sl
= =, Coarse o
Wealther : Clear & calm < 20 < e e weather: Ciear & calm
St - .Iey:f, eiposed fo full insolation 0930 f fdoo hes ‘EL Coirse Shaded wall
Pit was dug on 26 Jar & new wall exposed & " af it #o0 & 500 hrs
for obseryations on 27 Jan " Avg. femp. |O°C
Avg femp. | -25°C Q L Ground Avg. deasity, 42 2
Avg. density 07 -f 0 Jo 40 50 (Wel unfrozen) No jce planes, hemagensous gronulor snow.
lce planes: g " #d Al phick, nat impermeable; no Temp. °C Dens. 5. &
ogoorent free woter
Average snow line /s approximaltely of the J000-Fool jevel.
e Wesdon Bumefatioe dhal Sharmometers with Sfem rmzected Mrough
(s kst $iofs dn Phe Sren Yube. The Sensifive porfion 55 imimeried i Smom
(il i core byt mop fovching Fhe meral watl oF Sfhe Fube.

Nore:
Observolions were foken along U.S, Highway 40
between Auburn ond Sodo Springs, California.

SNOW INVESTIGATIONS
SUMMARY REPORT

SNOW HYDROLOGY

DENSITY & TEMPERATURE PROFILES FOR
EVALUATING SNOWPACK CONDITIONS

OFFICE OF DIVISION EMGINEER, MORTH PACIFIC DIVISION
CORPS OF EMGINEERS U 5 ARMY

TO ACGOMPANT REFOAT
DATED 30 JUNE 1855

PD-20-25/55
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