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P F re ace 

THE PROCEDURE described in this monograph is 
considered a significant advance in the science of 

can predict the impact of such runoff on project 

hydrology. It makes possible for the first time 
development and operation. 

the determination of the effect of rainfall on both 
The new hydrologic procedure is important in 

the depth and water content of fresh snow. De- 
the planning of Bureau of Reclamation water re- 

velopment of the procedure is the result of labor- 
sources projects in the western United States. 

atory experiment and subsequent analysis by a Such progress provides the opportunity to achieve 

number of Bureau of Reclamation engineers and greater economy, efficiency, and safety in the de- 

scientists. From this work, hydrologists can now velopment of the projects as well as in the design 
analyze the effects of rain on snow in terms of and operation of the individual hydraulic struc- 
runoff and possible flooding, and, in turn, they tures on the projects. 

. . . 
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S ummary 

T HE SNOW COMPACTION PROCEDURE, as illus- based on the concept of snow compaction and a 
trated by tlhe examples given, has yielded threshold density, has been a valuable aid in the 
acceptable results. The procedure allows Bureau of Reclamation design flood studies to 

much flexibility in the assumption of densities and 
threshold conditions, which the hydrologist must 

estimate runoff from a design condition of warm 

rationally determine from the available data. 
rain on a relatively fresh snowpack. There are 

The snow crystals in a fresh snowpack undergo 
other procedures that utilize the concept of ther- 

changes, as free water is added, that result in a 
mal quality of the snow and the concept of a 

shrinkage (or compaction) of the snowpack. Free 
maximum percentage of retained free water in 

water is retained in the snowpack until the thresh- the snow. However, the snow compaction pro- 

old density is attained. Subsequent melting re- cedure is straightforward and is easy to use ; the 

leases this free water. The procedure described examples cited illustrate that the procedure gives 

in this monograph, which uses a water budget realistic results. 
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Notation 

dP 

d Pl 

d, 

d 10 

d Sk 

k 

M 

MS 

= density of total snowpack, including free 
water, which is the ratio of water 
equivalent of snowpack to depth of 
snowpack, expressed in percent. 

= threshold pack density at which com- 
paction ceases and drainage from the 
snowpack begins. 

= density of dry snow in the.snowpack. 

= initial dry snow density of the snow- 
pack. 

= density of the dry snow in the snow- 
pack when the snowpack is at the 
threshold pack density, d,, 

= basin constant in snowmelt equation 
representing the relative exposure to 
wind. 

= total daily snowmelt in inches. 

= snowmelt for 3-hour period in inches. 

PD 

P Dk 

PfO 

p?ok 

R 

T, 

Td 

V 

W.C. 

A 

= depth of snow during compaction, ex- 
pressed as a percentage of the initial 
depth. 

= value of P, when the snowpack is at its 
threshold density. 

= total water content of the snowpack, 
expressed as a percentage of the 
initial water content. 

= value of P, when the snowpack is at its 
threshold density. 

= rainfall depth in inches. 

= ambient air temperature, “F. 

= dewpoint temperature, “F. 

= wind velocity in miles per hour. 

= equivalent water content of snowpack 
in inches. 

= increment. 

ix 
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Introduction 

~~DEQUATE DESIGN of the spillway at a major stor- 
age reservoir requires the derivation of a synthetic 
maximum probable flood. This maximum prob- 
able flood must represent a realistically critical 
combination of the maximized causative hydro- 
logic factors. In many areas of the western United 
States, the maximum floods occur as the result of 
an extreme rain falling on a relatively fresh snow 
cover. The fresh snow can be expected to melt 
during the rainstorm and thereby increase the 
volume of the runoff flood. In addition, the snow- 
pack will absorb the rainfall from the early part 
of the storm and release it later. As a result of 
the storage and later release of the earlier rainfall, 
in addition to the melting of the snow and the later 
rainfall, the runoff peak flow may be considerably 
more severe or less severe than would occur from 
the rainfall alone. 

This monograph describes a computational pro- 
cedure for determining the water available for 
runoff and its time of occurrence resulting from a 

rain-on-fresh-snow condition. It includes an esti- 
mate of the shrinkage of the snow pack caused by 
the metamorphosis of the crystalline structure 
with the addition of rainfall. Examples are given 
showing the use of the procedure with assumed 
design storm conditions. Also, the procedure is 
used to reproduce an observed flood which verifies 
the accuracy of the method and assumptions. 

A computational procedure for predicting run- 
off from a rain-on-snow storm using the concept 
of a threshold density was developed originally 
by the U.S. Corps of Engineers.’ This concept 
has been expanded in this monograph to recognize 
the shrinking of the snowpack as water is added. 
The procedure described is basically a water- 
budget analysis which accounts for the water in 
the snowpack until it is released in drainage. 
The procedure is intended for use in an inflow 
design flood study in which a design rain occurs 
on a fresh snowpack. 

1 Numbers designate publications in “List of References.” 
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Snow Coml>action RelationshiD 

laboratory Test 

A ~MH BNOWPACK subjected to rainfall and 
melting will undergo some compaction as 
water is added, and significant drainage 

from the snowpack will take place when the snow- 
pack has reached a threshold density of from 40 
to 45 percent. To evaluate the compaction result- 
ing from added water, W. U. Garstka, H. P. Grout, 
D. L. Miller, and G. E. Monfore of the Bureau of 
Reclamation conducted a laboratory experiment on 
December 20,1951. Fresh snow, which had fallen 
Nat’ approximately 0’ F. the night before, was 
shoveled into a large plexiglass cylinder. This 
cylinder full of snow was set in a pan and placed 
on a weighing scale in a controlled temperature 
cold room. Cold water was sprinkled on top of 
the snow column in l-pound increments, and the 
shrinkage of the snow was observed.’ Figure 1 
shows the equipment about 30 minutes after the 
test had begun. The test data are given in the 
Appendix. 

The results of the test are summarized as figure 
2, in which are plotted the depth of snowpack in 

percent of initial depth versus the initial water 
content plus the added water in percent of initial 
water content. After the cylinder was filled out- 
doors, the snow had a density of 15.4 percent, and 
the point is plotted at loo-percent depth and NO- 
percent water content. During the time the 
sample was moved indoors, the snow compacted to 
87 percent of depth and the density was 17.7 per- 
cent. As ,water was added, the snow continued to 
compact, as indicated by the decreasing percent- 
age of depth for each of the points. By the time 
the water content was 17’7 percent of the initial 
water content, the depth was 64 percent of the 
original depth and the density was 42.5 percent. 
Prior to this point in the test, the added water was 
retained in the snow. 

Drainage of water out of the bottom of the snow 
column was first observed at the next point when 
the density was 43.5 percent. The maximum den- 
sity during the test was 47.5 percent. Water was 
added until no further compaction took place, and 
after the excess water was allowed to drain out, the 
final density ,was 45.7 percent. The relationship 

3 



EFFECT OF SNOW COMPACTION ON RUNOFF FROM RAIN ON SNOW4

FIGURE 1.-SfWW compaction e(lJperiment after 30 minutes. The column of snow. originally 42.75 inches deep, has

compacted to 32.25 inches after the addition of 2.97 mches of water.
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,,-Initial condition- 
L 15.4% density (dry) 

,,Po=147.4-0.474Pw 
I \ I 

0 0 0 
\ \ 

\ 
‘-Initial settlement when 

moving sample to indoors 
17.7% density. 

I I 

0-Th’is symbdl and noies 
refer to data from 
laboratory experiment 

,,--42.5 % densitv 
First drainage 

appeared-43.5 % densi 
, 

I II 

t t 

Maiimum-47.5 % dknsity , 
I I 

Final condition-45.7 ,% density---* 
I I I I I I I I I 

3 120 130 140 150 160 170 180 190 200 i 

A 
d 
!I0 

P,=INITIAL WATER CONTENT PLUS ADDED WATER IN 
PERCENT OF INITIAL WATER CONTENT 

FIGURE 2.-Deoreaee in. snowpack dqth due to additicm of water. 

between depth and accumulated water is repre- 
sented by the straight line having the equation : 

P, = 147.4-0.474 P, (1) 

where: PD = snowpack depth in percent of initial 
depth 

P, = accumulated water content in per- 
cent of initial water content. 

Application of Test Results 

The results of the snow compaction test may be 
adapted to the water budget of the snowpack if 
some simplifying assumptions are made. 

The following assumptions do not exactly rep- 
resent the physical processes in nature. However, 
they yield consistent results which are adequate for 
the extreme conditions assumed in an inflow design 
study. 

a. The snowpack is homogeneous and free 
water in the snowpack is distributed evenly 
throughout the depth of the pack. 

b. The compaction curve, figure 2, defines the 
compaction effect of free water on a fresh snow- 

pack which has a density less than the assumed 
threshold density. Threshold densities range 
from 40 to 45 percent. No compaction takes 
place after threshold density has been reached. 

c. Drainage occurs only after the snowpack 
has reached its threshold density. 
The conditions of the snowpack at the adopted 

threshold density can be computed by the follow- 
ing three equations which were derived from 
equation 1. Table 1 shows the computed values 
for threshold densities of 40 and 45 percent. 

P,, = 147.4 d,J(d,,+0.474 d,,) (2) 

Pi,, = 147.4 d,J(d,,+0.474 d,,) (3) 

d,, = 0.678 (d,,+O.474 d,,) (4) 

where : P,, = threshold accumulated water con- 
tent in percent of initial water 
content, 

P,, = threshold depth in percent of initial 
depth, 

d,, = density of initial dry snowpack in 
percent, 
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d Pl = threshold density of compacted 
wet snowpack in percent, 

d,, = threshold density of dry snow in 
compacted wet snowpack in per- 
cent, 

Basic Data 

Use of the snow-compaction procedure, either 
for design storm conditions or for observed events, 
requires knowledge or assumption of initial and 
subsequent basic data. The initial depth of the 
snowpack and its density or water content must 
be known. In succeeding intervals of time, the 
precipit&ion in inches of water must be known. If 
this precipitation falls as snow, its density must be 
known. The potential snowmelt during each in- 
terval may be computed by an empirical snowmelt 
equation such as equations 5 and 62. 

For open or partly forested areas (mean canopy 
cover less than 80 percent) 

M= (0.029+0.0084kV+0.007R)(Ta-32)+0.09. 
(5) 

For heavily forested areas (mean canopy cover 
more than 80 percent) 

M= (0.074+0.007R) (T,--32) +0.05 (6) 

where: M = total daily snowmelt in inches, 

k = basin constant that reflects the rela- 
tive exposure of the basin to wind. 
The value of k varies from 1.0 for 
unforested plains with a mean 
canopy cover of less than 10 per- 
cent to 0.3 for forested areas with 
a mean canopy cover of 80 percent, 

V = mean wind velocity at the 50-foot 
level in miles per hour, 

R = total daily precipitation in inches, 

T, = mean temperature of saturated air 
at the lo-foot level in ’ F. As the 
air is assumed to be saturated 
during the periods of rainfall, the 

air temperature is assumed to be 
the same as the dewpoint tem- 
perature. 

Equation 5 may be used to compute the snow- 
melt for any size of interval of time by dividing 
the first, second, and last coefficients (0.029,0,0084, 
and 0.09) by the number of time intervals in a day 
and using values of I’, R, and Ta for the shorter 
time interval. Equation 6 may be modified in a 
similar manner by adjusting the first and last co- 
efficients (0.074 and 0.05). 

It is generally necessary to separate a drainage 
basin into elevation zones and compute the drain- 
age from each zone separately. The division of 
the basin area into zones according to elevation 
permits the use of different initial snow conditions 
for each of the elevation zones. Also, the ‘wind 
speeds, temperatures, and precipitation will vary 
with elevation, and the factors producing drainage 
and the time of runoff may vary considerably from 
zone to zone. 

Snowmelt Budget 

Figure 3 illustrates pictorially the steps taken 
in the water budget analysis when there is no melt- 
ing. In figure 3 (a) the initial snowpack has a dry 
snow density of 10 percent. After adding 3 inches 
of rain as in figure 3 (b), the compaction curve 
indicates that the snowpack has shrunk to 86.8-per- 
cent depth. Compaction will continue as water is 
added until the assumed threshold density of 40 
percent has been reached as in figure 3 (c) . As 
there was no melting, the snow crystals themselves 
now have a density of 19.6 percent due to the 
shrinkage. Figure 3(d) shows that as more rain 
is added, an equivalent amount of drainage from 
the pack occurs. 

Figure 4 shows pictorially the water budget pro- 
cedure when melting occurs but without rain. The 
original snowpack is reduced by the amount of 
melt before compaction is computed. The melt 
water is treated as though it were rain added to 
the reduced original snowpack. It takes 5.1 inches 
of melt to bring the snowpack to 40-percent thresh- 
old density. With lo-percent dry density snow, 
5.1 inches of melt water are equivalent to 51 inches 
of snow. Using the snow compaction curve, the 
reduced original depth of 49 inches is compacted to 
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50.9 percent of depth, or 25 inches, by the 5.1 proximately 1 inch of free water ; accordingly, 
inches of added melt water. At this point, the there will be a drainage of 1.9 inches of water 
snowpack has a density of 40 percent. However, from the ripe snowpack resulting from a melt of 
the dry snow has a density of only 19.6 percent. only 0.9 inch. 
The difference between 19.6- and 40-percent den- Figure 5 shows the assumed conditions when 
sity is due to the free water in the snowpack. both rain and melt occur. After the snow has 
Figure 4 (b) shows what happens as additional 0.9 reached the threshold density, the addition of 1 
inch of melt occurs. Because this water results inch of rain accompanied by 0.5 inch of melt causes 
from the melting of snow crystals only, the depth a drainage of 2 inches of water from the pack. 
of snow melted is 4.6 inches based on the 19.6-per- The additional 0.5 inch of water came from the 
cent density of dry snow at threshold conditions. free water held in the 2.6 inches of snow that was 
Within that 4.6 inches of depth there is also ap- melted. 

TABLE 1 .-Threshold conditions of a snowpack subJected to snowmelt and rainfall 

Initial density of paok d,, 

lo--_-------------------------- 

- 

- 

.- 

Threshold compacted oondition~ 1 

Threshold density Q1=40 percent 
- 

PDl 

- 

_- 

_- 

_- 
da: 

50. 9 203. 6 19. 6 
54. 1 196.8 20. 3 
57. 1 190. 5 21. 0 
60. 0 184. 5 21. 7 
62. 6 178. 5 22. 4 
65. 1 173. 6 23. 0 
67. 5 168.7 23. 7 
69. 7 164.0 24 4 
71. 8 159.5 25. 1 
73. 8 155. 3 25. 8 
75. 7 151.3 26. 4 
77. 5 147.5 27. 1 
79. 2 143.9 27. 8 
80. 8 140.9 28. 5 
82. 3 137. 3 29. 1 
83. 8 134. 1 29. 8 
85. 2 131.2 30. 5 
86. 6 128.3 31. 2 
87. 9 125. 6 31. 9 
89. 1 122.9 32. 5 
90. 3 120.4 33. 2 
91. 5 118.0 33. 9 
92. 6 115.7 34.6 
93. 6 113.5 35. 3 
94.6 111.3 35. 9 
95. 6 109.3 36. 6 
96. 6 107. 3 37. 3 
97. 5 105.4 38. 0 
98. 4 103.5 38. 6 
99. 2 101.7 39. 3 

100.0 100. 0 40. 0 
-___-----_- 
-___-__-___ 
_--- _-_---- 
- _-_-- ----- 
---__-_--_- 

- 
_ 
- 
_ 
_ 

___-__-____ 
______-- --- 
--_-----_-- 
___________ 
_-_-__- -_-- 

_ 
- 
- 
- 

_________-_ 
-----_--- -_ 
_________-_ 
_-_-_-__--_ 
___________ 

Threshold density dpr=46 percant 

PDI 
-~ 

Put d.r 

47. 0 211.7 21. 3 
50. 2 205.2 21. 9 
53. 1 199.0 22. 6 
55. 8 193. 2 23. 3 
58. 4 187.8 24. 0 
60. 9 182. 6 24 6 
63. 2 177.7 25. 3 
65. 4 173. 1 26. 0 
67. 5 168. 6 26. 7 
69. 4 164.5 27. 4 
71. 3 160. 5 28. 0 
73. 1 156.7 28. 7 
74.8 153. 1 29. 4 
76. 5 149. 6 30. 1 
78. 0 146.3 30. 8 
79. 5 143.2 31. 4 
81.0, 140.1 32. 1 
82. 3 137.2 32. 8 
83. 7 134.5 33. 5 
84.9 131.8 34. 1 
86. 2 129.2 34. 8 
87. 3 126.8 35. 5 
88. 4 124.4 36. 2 
89. 5 122.1 36. 9 
90. 6 119. 9 37. 5 
91. 6 117. 8 38. 2 
92. 6 115.7 38. 9 
93. 5 113. 7 39. 6 
94.4 111.8 40. 2 
95. 3 109.9 40. 9 
96. 1 108. 2 $1. 6 
97. 0 106.4 42. 3 
97. 8 104. 7 43. 0 
98. 5 103. 1 43. 6 
99. 3 101. 5 44.3 

100. 0 100.0 45. 0 

1 Conditions for other assumed threshold densities may be derived from equations 2, 3, and 4. 
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EFFECT OF SNOW COMPACTION ON RUNOFF FROM RAIN ON SNOW 

pack 
depth 

(a) 

100” 

Density 
10% (dry) 

oil voooa IO" 

Water 
equivalent 

INITIAL 

10.4 Rain 

r 
I 
I 

Pw = 204 
PD =50.9 

I En n” 

7 

2U.Y *o* 
o*o 
*o* 20.4” 
o*o IO” 
* 0 * 0” 

dP = 40 O/o 

ds= 19.6% 

(c) THRESHOLD 

3” Rain 

9 7 

: 

--- 1100” 

,d, 85.8” 
* * 
0 *o 
* * 

Pw = 130 
PD = 85.8 

dp= pack density 15.2% 
ds=dry snow density 11.7% 

, 

lb) INTERMEDIATE 

I” Rain 

20.4” 

IO” 

0 0 0” 

v t 
I” Drainage 

dP = 40% 
ds = 19.6 % 

(d) CONTINUED RAIN 

FIWRE 3.-Compactim atid drainage due to rain on 8mn0 without melting. 
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100’ 

49” 

I 

1 

0” I 

Pack 
depth 

Density 
10% (dry) 

m 4.9” 

Water 
equivalent dP 

o*o 
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0" 

=pack density 40% 
ds = dry snow density 19.6% 

5.1 Melt 

0 s 
r 

---+g” 

I 
I 
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Pw = 204 

ix4 25” 
PD = 50.9 
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0’ 
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9.6” 
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; zo.4” 
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FI~UBE 4.-Compaction and drainage due to snowmelt water without rain. 
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FICXJBE 5.-Compaction a?td drainage due tp rah cvnd nwwme.%. 
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In actual weather conditions, the situation is 
further complicated when there are alternating 
periods of rain and snowfall. In the assumed de- 
sign storm conditions used in a synthetic design 
flood study, the new snowfalls a.re usually assumed 
to have the same density as the initial dry snow 
density of the original snowpack. In studies of 
actual storm events, the new snowfalls may occur 
at differing densities. In an analysis of a storm 
which has alternating periods of rain and snow- 
fall, the simplest procedure is to average the new 
snowfalls into the entire snowpack and treat the 
snowpack as a homogeneous unit. When the new 
snowfalls have differing densities, the assumed ini- 
tial dry snow density of the entire snowpack will 
change as the new snowfalls are averaged in. An 
alternative procedure is to analyze the basic lower 
snowpack and each additional layer of new snow 
separately. Subsequent periods of rain and melt 
are used to compact the top layer of new snow and 
each layer in turn until the top layers are reduced 
to the same density as the main snowpack. After 
that time, the total snowpack is again considered 
to be homogeneous. 

Description of Forms 

In the water budget procedure, the processes of 
snowmelt, rainfall, drainage, etc., are accounted 
for in a tabular form, form A, as illustrated in 
figure 6, on which computations are made at the 
end of each selected interval of time. An ex- 
panded form, form B, as illustrated in figure 7, 
can be used if it is desired to account for the 
upper layers of new snow separately. 

A description of the lines on form A (figure 6) 
is given here for future reference. 
Lhe Deecdption 

1 Time at end of interval. 

Storm data-lines 2 through 4. 

2 Increment of precipitation. 
3 Increment of snowfall depth at the assumed 

fresh snow density. During periods when 
the t,emperature is 32” F. or less and snow- 
melt potential is zero, the precipitation is 
assumed to occur as snowfall. 

4 Increment of potential snowmelt. These 
values may be computed from known or 
assumed values of precipitation, tempera- 

ture, and wind velocity by use of the Corps 
of Engineers formula, equation 5 or 6. 

Melt from snowpack before reaching threshold 
density-lines 5 and 6. 

5 Increment of water content of melt. This 
entry is the same as the potential snowmelt 
(line 4) prior to the time that the snowpack 
has ripened to the threshold density. 

6 Increment of depth of melt. Depth of melt 
is computed by dividing the water content 
of melt (line 5) by the density (expressed 
as a decimal) of the original snowpack. 

Melt from snowpack after reaching threshold 
density-lines 7 and 8. 

7 Increment of water content of melt. This 
entry is the same as the potential snowmelt 
(line 4) after the snowpack has ripened to 
the threshold density. 

8 Increment of depth of melt. Depth of melt 
is computed by dividing the water content 
of melt (line 7) by the threshold density 
(expressed as a decimal) of the dry snow 
of the compacted snowpack. The threshold 
dry snow density is computed by equation 
4, or may be read from table 1 for thresh- 
old densities of either 40 or 45 percent. 

Snowpack before reaching threshold density- 
lines 9 through 16. 

9 Initial dry snow depth. This is an accumula- 
tion of the initial depth of the snowpack 
(first entry on line 9) plus the increments 
of snowfall depth on line 3 and decreased 
by the increments of depth of melt on 
line 6. 

IO Initial water content, dry snow. This is an 
accumulation of the initial water content of 
the snowpack (first entry on line 10) plus 
the increments of precipitation on line 2 
during those periods having snowfall and 
decreased by the increments of water con- 
tent of melt on line 5. 

11 Accumulated water content, dry snow plus 
water. This is an accumulation of the ini- 
tial water content of the snowpack (first 
entry on line 11) plus the increments of pre- 
cipitation on line 2. 

12 Percent of initial water content. This is the 
ratio of line 11 to line 10 expressed as per- 
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FIQUBE 6.-E~a*npb I. R~~-~~-.sTww mmputatitma without intermittent amfa$b. 6 
< 



RAIN-ON-SNOW COMPUTATION-WITH INTERMITTENT SNOWFALLS 
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cent. The limiting value when the snow 
pack is at threshold conditions may be com- 
puted from equation 2 or may be read from 
table 1 for threshold conditions of either 
40 or 45 percent. 

13 Percent of initial depth. This represents the 
compaction due to the effect of snowmelt 
and rainfall. It is computed by equation 1 
or may be read from figure 2. The limit- 
ing value when the snowpack is at threshold 
conditions may be computed from equation 
3 or may be read from table 1 for threshold 
conditions of either 40 or 45 percent. 

14 Compacted depth. This is computed by mul- 
tiplying the initial depth from line 9 by the 
percent of initial depth from line 13 (ex- 
pressed as a decimal). 

15 Dry snow density. This is the density of only 
the dry snow in the compacted snowpack. 
It is computed by dividing t,he initial water 
content of dry snow (line 10) by the com- 
pacted depth (line 14) and expressing it as 
a percentage. The limiting value when the 
snowpack is at threshold conditions may be 
computed from equation 4 or may be read 
from table 1 for threshold conditions of 
either 40 or 45 percent. 

16 Pack density. This is the density of the snow- 
pack including the free water within it. It 
is computed by dividing the accumulated 
water content (line 11) by the compacted 
depth (line 14) and expressing it as a per- 
centage. The limiting value will be the 
assumed threshold density for the snow- 
pack. 

Snowpack after reaching threshold density-lines 
17 through 19. 

17 Snow depth. This line is normally not used 
until the snowpack has reached threshold 
conditions. The first entry at the time 
when the snowpack reaches threshold con- 
ditions is equal to the compacted depth 
(line 14) minus the increment depth of melt 
(line 8) for the time period. Subsequent 
values of snow depth are derived by suc- 
cessively decreasing the snow depth by the 
increment depth of melt from line 8. 

18 Accumulated water content. The first entry 
is made at the time when the snowpack 
reaches threshold conditions and will be the 

accumulation of the initial water content of 
the snowpack (first entry on line 10) plus 
all the precipitation on line 2 up to and in- 
cluding this time. Subsequent values of 
accumulated water content are derived by 
adding the increment of precipitation dur- 
ing the time period from line 2 to the pre- 
ceding entry in line 19. 

19 Maximum allowable water content. This is 
the maximum water content of the snow- 
pack at the threshold density that can be 
retained without drainage. It is computed 
by multiplying the snow depth (line 1’7) 
by the threshold density expressed as a 
decimal. 

Excess water available for runoff-lines 20 
through 23. 

20 Increment of drainage from snowpack. This 
is computed by subtracting line 19 from 
line 18. No drainage will occur until the 
threshold conditions have been reached. 

21 Increment of infiltration loss. This is the 
known or assumed loss during the selected 
interval of time. 

22 Increment of excess water from the zone. 
This is computed by subtracting the loss 
(line 21) from the drainage (line 20). 

23 Increment of equivalent basinwide excess. 
This is computed by multiplying the excess 
water (line 22) by the ratio of the area of 
the zone to the total drainage basin. The 
equivalent excesses from each of the zones 
are added together for their respective time 
intervals to determine the basinwide 
excesses. 

The following notes describe the entries in form 
B, figure 7, when it is desired to keep track of the 
top new layers of snow separately. Lines 1 
through 4,7 through 10, and 23 through 37 on form 
B are the same as lines 1 through 23 on form A. 
Additional lines 5 and 6 and 11 through 18 are in- 
cluded in form B to account for the new upper 
snow layers. The top layers are analyzed sepa- 
rately until they reach a density that is the same as 
the lower snowpack. After that time, the top 
layers are assumed to be homogeneous with the 
lower snowpack. To establish the conditions 
when each layer reaches this point of homogeneity, 
the precipitation and snowmelt during that incre- 
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ment of time must be separated into those parts 
that are added to the top layer and those parts are 
added to the homogeneous snowpack including 
the upper layers. 

Lines 19 through 22 are used to indicate the 
characteristics of the total snowpack at this point 
of homogeneity when only part of the precipita- 
tion and snowmelt during that increment of t)ime 

is needed to bring the snowpack to a homogene- 
ous condition. 

When using form B and before the snowpack has 
reached its threshold condition, line 31 can be 
used to indicate the total depth of the snow. These 
entries will be the sum of the compacted depth of 
each layer from line 16 plus the compacted depth 
of the main snowpack from line 28. 

205-847 0-66&--4 





Examples of ,Rain-on-Snow Computations 

Example l-Rainstorm Without Intermittent 
Snowfall 

N INFLOW DESIGN FLOOD for the proposed A Stampede Dam and Reservoir resulted 
from the analysis of a design rain-on-snow 

storm with an initial period of snowfall at the 
upper elevations. The computations made for that 
study will be used to illustrate the procedure. 
Stampede damsite is on the Little Truckee River 
in the Sierra Nevada Mountains northwest of 
Truckee, Calif. The drainage basin area, shown 
as figure 8, was divided into four elevation zones 
to permit the assumption of different initial con- 
ditions for each zone. The table in figure 8 shows 
that the snowpack was assumed to be deeper at 
higher elevations and that dry snow densities were 
less than in the lower zones. 

Dividing the basin into elevation zones per- 
mitted an allowance to be made for the severity 
and nature of the precipitation falling at the vari- 
ous levels of altitude throughout the basin. For 
example, it was assumed that in elevation zone I 
(8,000-9,000 feet) precipitation occurred exclu- 
sively in the form of snow during the first 36 hours 

of the storm; whereas in elevation zone III 
(6,000-‘1,000 feet), snowfall occurred only during 

the first 6 hours of the storm. Potential snow- 
melt values were also different in the various ele- 
vation zones reflecting the variation in tempera- 
ture, windspeed, and precipitation at the different 
elevations. 

To compute the basin water excess caused by a 
rainstorm over the basin, a separate analysis must 
be carried out for each elevation zone. Elevation 
zone I, covering the basin area between 8,000 and 
.9,000 feet of alt,itude, has been selected to demon- 
strate the details of the computation procedure. 
The sample calculations and the form used for the 
computation procedure are shown in figure 6. 
Form A is used here as there is no intermittent 
snowfall. 

The analysis in this example is based on an as- 
sumed threshold pack density of 40 percent. This 
assumption implies that the density of the snow- 
pack increases, under the action of rain and melt 
water, until it attains the specified value of 40 per- 
cent and thereafter remains constant at that value. 
The threshold conditions (Pot, P,t, d,t), which 
apply for this example, were read from table 1. 

17 
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For the purpose of identification, the columns 
are labeled alphabetically and the lines numeri- 
cally. Any entry can then be identified by a nota- 
tion such as B9, which refers to the number 78.02 
in figure 6. The storm duration was 120 hours. 

Percent Depth from figure 2=H13=98.6 or 
compute from equation 1; 98.6= 147.4- 
(0.474) (103.0). 

The data of the storm to be analyzed resulted 
from a design storm study and are listed on lines 
2, 3, and 4. Line 2 is the increment of precipita- 
tion during the period of time; line 3 is the snow- 
fall depth (if the temperature was less than 32’ 
F.), and line 4 is the potential snowmelt. Poten- 
tial snowmelt was computed by the Corps of Engi- 
neers snowmelt equation. The density of newly 
fallen snow was assumed to be the same as that 
of the original dry snowpack. Data of the condi- 
tion of the original snowpack before the begin- 
ning of the storm are listed in column A, lines 9 
through 16. 

Snowfall ,during the first 36 hours of the storm 
merely increases the pack depth. B3 (12.62) is 
added to A9 (65.40) to give B9 (78.02). B2 
(1.64) is added to A10 (8.50) to give BlO (10.14). 
This process is continued until G9 and GlO have 
been computed. The pack density (line 16) re- 
mains the same throughout this period. 

The first period of snowmelt is encountered in 
column H; therefore the precipitation during this 
period is assumed to be rain. Since the new snow 
and the original pack have the same density, the 
entire pack is homogeneous; therefore the melt, 
0.03, in H4 is transferred to H5. The correspond- 
ing depth of melt at the initial density of 13 per- 
cent is 0.23 which is entered in H6. The following 
order of computations is followed for lines 9 
through 16. 

Dry Snow Depth, H9=G9--6; 127.48= 
127.71-0.23. 

Dry Snow W.C., HlO=GlO-H5; 16.57= 
16.60-0.03. Check: H10=13 percent of 
Dry Snow Depth, H9; 16.57=(0.13) 
(127.48). 

Accumulated W.C., Hll=Gll+H2; 17.07= 
16.60+0.47. 

Percent W.C., H12=(10$:t;1) ; 

1o3 ,J100)(17.07). 
(16.57) 

Compacted Depth, H14= (Hl3) (W; 
000) 

125 To= (98.6) (127.48). 
uw 

Dry Snow Density, Hl5= 
(lOo)(HlO); 

(H14) 

13 2= WN(16.57). . 
(125.70) 

(lOO)(Hll); 
Pack Density, Hl6= (H14) 

13 ,=(100)(17.07), 
(125.70) 

No drainage occurs when the pack density is 
less than 40 percent. Computational procedure 
from the 42d hour to the 9Otb hour is the same 
as above. Rainfall and snowmelt are compacting 
the snowpack and increasing its density to 37.5 
percent as computed in space P16. 

During the next time interval column Q at the 
96th hour, the adopted threshold density, d,t, will 
be exceeded if the calculations are continued in the 
same manner as above. The computation pro- 
cedure for the transition period, Q, is t.herefore 
adjusted so that the pack density may be brought 
to the exact value of 40 percent. The threshold 
values read from table 1 of percent water con- 
tent, 184.5 ; percent depth, 60 ; dry snow density, 
21.7 ; and pack density, 40, are entered into spaces 
Ql2, Q13, Q15, and Ql6, respectively. 

Next, the accumulated total water content in 
Pll (26.76) is transferred to space Qll. (It is 
temporarily assumed that a portion of the snow- 
melt will bring the pack to threshold density.) 
The dry snow content, QlO (14.50)) is computed by 
dividing the accumulated water content, Qll 
(26.76)) by the percent water content at threshold 
conditions, Ql2 (184.5). The difference between 
the values, PlO and QlO, is the amount of melt 
water used in bringing the snowpack to threshold 
pack density. This difference (0.40 inch) is 
entered into space Q5. The difference between 
the potential snowmelt (0.47 inch) and the previ- 
ously computed value (0.40 inch) is 0.07 inch 
which is entered in space Q7 and will be applied 
to the pack after it has reached threshold condi- 
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tions. If the difference between the values in PlO 
and QlO had been greater than the available melt 
water (0.47 inch), some of the rainwater, Q2, 
would have ,been used to bring the snowpack to 
threshold density by increasing the accumulated 
water content in space Qll. 

The next step in the example of figure 6 is to 
compute the depth of melt, QS (3.08)) at the 96th 
hour by dividing the water content of the portion 
of snowmelt before threshold, Q5 (0.40), by the 
initial snowpack density, 13.0 percent. Then 
the initial dry snow depth Q9=P9 - Q6 ; 111.56 
= 114.64-3.08. The compacted depth, Q14, is 
computed by multiplying Q9 by the percent depth 

QlO 

pack has reached threshold density is converted to 
an equivalent depth of melt at the threshold den- 
sity of dry snow (21.7 percent) and is entered in 
Q8. During the remainder of the rainstorm, all 
the potential snowmelt increments are converted to 
an equivalent depth of melt at the threshold den- 
sity of dry snow. 

at threshold conditions, Q13. The quotients - 
Ql4 

and Q1l - should as a check equal the threshold 
Q14 

The snowpack depth after reaching threshold 
density, Ql’i’, is the compacted depth, Q14, re- 
duced by the depth of the melt, QS. The accum- 
ulated water content of the entire snowpack, &IS, 
is Pll plus the total increment of rain, Q2. It 
has been assumed that the maximum density of the 
pack cannot exceed the threshold density of 40 
percent. Therefore, the maximum allowable 
water content, Q19, is 40 percent of the snow 
depth, Ql7. 

densities, Q15 and Ql6, respectively. Lines 9 
through 16 may subsequently be omitted since the 
entire pack is now at threshold density. 

The portion of snowmelt remaining after the 

Drainage from the snowpack, Q20, is the differ- 
ence between the accumulated water content, Ql8, 
and the maximum allowable water content, Q19. 
A retention loss rate will have been determined 
prior to the study and the total loss computed for 

TAELE 2.-Basin contrilnbtion, rain-on-s?ww ~lysis-Nampede damsite. 
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the time interval is entered on line 21. In the 
example all the drainage is lost to infiltration in 
column Q. The excess water from the zone is the 
difference between the drainage and infiltration 
loss. The excess water from the zone is multi- 
plied by the ratio of zonal area to the total basin 
area to determine the equivalent basinwide ex- 
cesses in line 23. The computations in lines 17 
through 23 are carried out to the end of the storm. 

The same analysis as described here for zone I 
was carried out for all other elevation zones in the 
basin in the original study. After the increments 
of equivalent basinwide water excess were calcu- 
lated for every time interval in all elevation zones, 
the answers were compiled as shown in table 2. 
These basinwide excesses were then used to com- 
pute a flood hydrograph by the unit hydrograph 
method. 

Example II-Rain on Snow With Intermittent 
Snowfalls 

The computational procedure described in the 
previous example may be expanded to account for 
intermittent periods of snowfall by either of two 
procedures : (1) analyze each new layer of snow- 
fall separately until it has reached the same density 
as the lower snowpack, or (2) average the new 
snowfalls into the entire snowpack. The two 
methods, using a hypothetical example, are de- 
scribed below. 

A. Amlyzing each new layer separateZy 

A hypothetical example that illustrates this pro- 
cedure is shown in figure 7 using form B. The 
storm data are entered on lines 2, 3, and 4. The 
newly fallen snow is assumed to form a snow layer 
with a density less than that of the partially com- 
pacted main lower snowpack. This top layer of 
new snow is analyzed separately until it has 
reached the same density as the main lower snow- 
pack. After the snowpack has attained a uniform 
density throughout its depth, increments of rain 
and melt are applied to the entire snow depth, and 
the calculations are carried forward in the same 
manner as described earlier for example I. 

Conditions of the snowpack before the storm 
begins are summarized in column A. The initial 
period of snowfall in column B merely increases 
the depth of the original main snowpack. During 
the next period (column C), the snowmelt and 

rainfall compact the snowpack to a density of 14.2 
percent as shown by the entry in space C30. 

Snowfall occurs during the next fdur periods 
(columns D, E, F, and G) and forms a top layer 
of snow at 11-percent density. An account of this 
top layer is kept separately on lines 11 through 18 
since this layer is at a different density than the 
main snowpack below. The original depth and 
compacted depth of the lower main snowpack on 
lines 23 and 28 do not change during this period. 
The total depth of the entire snowpack is the sum 
of the compacted depth of the top layer on line 16 
and the compacted dept.h of the lower main snow- 
pack on line 28. For convenience this total depth 
is entered on line 31. 

During the next time interval (column H) only 
part of the potential snowmelt (0.17 from space 
H5) is needed to bring the top layer to a density 
of 14.2 percent, the same as the lower main snow- 
pack. Note that the entries in spaces H14, H15, 
H17, and H18 are the same as those in spaces C26, 
C27, C29, and C30, respectively. At this point, 
midway in time interval H, the top layer and the 
lower main snowpack are homogeneous at a den- 
sity of 14.2 percent. The charactiristics of the 
combined homogeneous snowpack at this time are 
summarized in spaces H19, H20, H21, and H22. 

The balance of the snowmelt and precipitation 
during time period H is applied to the homoge- 
neous snowpack as shown by the entries on lines 
7,8, and 23 through 30 in column H. At the end 
of period H, the entire snowpack is at a density of 
18.0 percent. Snowfall occurs during the next two 
time intervals, and a new top layer is formed at 
11-percent density as indicated by the entries on 
lines 11 through 18. 

In the next time period (column K) all of the 
snowmelt and some of the rainfall are needed to 
bring the top layer to a density of 18.0 percent, 
the same as the lower snowpack. Note that the 
entries in spaces K14, K15, K17, and K18 are the 
same as those in spaces H26, H.27, H29, and H30, 
respectively. At this point, midway in time in- 
terval K, the characteristics of the combined ho- 
mogeneous snowpack are summarized in spaces 
H19, K20, K21, and K22. The balance of the rain- 
fall during time period K is applied to the homo- 
geneous snowpack as shown on lines 23 through 30 
in column K. At the end of period K, the com- 
bined homogeneous snowpack is at a density of 
21.5 percent. 
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All of the snowmelt and part of the rainfall in 
column L are used to bring the snowpack to thresh- 
old conditions as shown by lines 7, 8, and 23 
through 30. The balance of the rainfall causes 
drainage as indicated on lines 31 through 37. 
During the next three time periods, M, N, and 0, 
the snowmelt and rainfall cause drainage from the 
snowpack which remains at threshold conditions. 

Subsequent snowfall in periods P, Q, and R 
forms a new top layer at 11-percent density. The 
entire snowpack now consists of a lower main 
snowpack at threshold density with a depth of 
33.64 inches as shown on line 28 and a top layer 
of snow at 11-percent density with a depth shown 
on line 16. The total depth of the entire snow- 
pack is the sum of these two lines which is shown 
on line 31. 

The snowmelt and part of the rainfall during 
period S compact the top layer to the threshold 
density of 40 percent as shown on lines 5, 6, and 
11 through 18. The balance of the rainfall dur- 
ing time period S causes drainage as derived on 
lines 31 through 37. The entries on lines 21 and 
22 in column S are inmaterial, but they would be 
necessary if only part of the snowmelt had been 
needed to bring the top layer to threshold density. 
In that special case, the depth S31 would be equal 
to the depth 522 minus the depth SlO. During 
the remainder of the storm, the snowmelt and rain- 
fall cause continued drainage from the snowpack. 

B. Averaging tb new snowfall into the entire 
8nowpaok 

The hypothetical example that illustrates this 
procedure is shown in figure 9. The storm data 
recorded on lines 2, 3, and 4 are the same as those 
used in figure 7. Conditions of the fresh snow- 
pack before the storm begins are summarized in 

-column A. An initial period of snowfall during 
the first time period increases the depth and water 
content of the original snowpack (lines 9,10, and 
11) in column B. During the next period snow- 
melt and rainfall occur and are applied to the 
snowpack as shown in column C. At the end of 
12 hours, the compacted depth is 52.59 inches and 
the snowpack density is 14.2 percent. 

During the following four periods (columns D, 
E, F, ,and G), additional snowfall occurs. The 
initial .dry snow depth (line 9) is increased by the 
increments of snowfall depth from line 3. Both 
the initial water content of dry snow (line 10) and 

the accumulated water content of dry snow and 
water (line 11) are increased by the increments of 
precipitation from line 2. The compacted snow 
depths (line 14) are computed from the snow 
compaction relationship. The pack densities on 
line 16 will gradually decrease because of the addi- 
tion of the new dry snow. The density of the ini- 
tial dry snow as represented by the entries in lines 
9 and 10 will remain at 11 percent because the new 
snowfalls are at the same density as the original 
snowpack. If the new snowfall had occurred at 
a different density, the initial dry snow density 
computed by dividing line 10 by line 9 would also 
change. It would then be necessary to compute 
that new initial dry snow density because the 
threshold limiting values for lines 12, 13, and 15 
will also change as will the density used for the 
melt computations on lines 5 through 8. An ex- 
ample showing that type of computation is given 
in example III-B in the following section with 
the analysis of the December 1955 flood event on 
the South Yuba River in California. 

Additional melt occurs in column H and more 
new snow is added in columns I and J. The sub- 
sequent melt and rainfall in columns K and L are 
sufficient to bring the snowpack to threshold con- 
ditions, and some drainage occurs in column L. 

During the next three time periods, the snow- 
pack is at threshold condition, and the melt and 
rainfall cause drainage. Computations are made 
using lines 7, 8, and 17 through 23 as had been 
done in the preceding example. However, be- 
cause there will be future new snowfalls in suc- 
cessive time periods, it will also be necessary to 
record the initial conditions of the snowpack in 
column M through column 0 using lines 5, 6, 9, 
10, 11, and 14. During this period, the initial 
depth on line 9 will be reduced by the incremental 
melt depth from line 6. The initial water content 
on line 10 will be reduced by the melt water con- 
tent from line 5. The accumulated water content 
on line 11 will be the same as that on line 19 since 
the pack is at threshold conditions and cannot have 
any larger water content. The compacted depth 
on line 1.4 is the same as the depth computed on 
line 17. If lines 12 and 13 were used to compute 
the compacted depth, the compacted depth so com- 
puted would be identical (within rounding off 
errors) to the compacted depth derived on line 17. 

The new snowfalls in columns P, Q, and R are 
added to the snowpack using lines 9 through 16. 



RAIN-ON-SNOW L 
FORM A -  _ ._. -_. ^_. . . . . .  ^OMP”T*T,ONS 

Project__HYPP1I‘HETICAL- ____ 

Elevatians~~~~~vl~--~---s0oo___ft. Area-----------Sq. Mi. initial density---llo---% 7nm I -me------- 
Avge. Elev.------------ft. ---ILK ____ % of basin. Threshold density-aD-e-% 

OESCRlPTlON 1 ~A~e~c~~~E~F~aiH.~l IJInILIM!N!O!P!q!R!S!T!U 

APrecipitation 
ASnowfall Depth at.&L% 

nuromage Tram I 

A Equiv. Basin-wide Excess 123 
I 

#%WBE 9.-ExmWe II-B. Raim-on-snow computation with intermitted snowfall8 averaged into mowpaok. 
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The melt and rainfall in column S are sufficient to flood for a 51.5~square-mile drainage basin of the 
again bring the snowpack to threshold conditions South Yuba River near Cisco, Calif. The drain- 
and cause drainage. age basin outline and location of the three weather 

stations used in the analysis, Blue Canyon, Cisco 
Example Ill-Reproduction of an Observed Ranger Station, and Soda Springs, are shown in 

Flood figure 10. 
The antecedent snowpack depth and density 

The rain-on-snow compactional procedure was and daily snowfall densities were established from 
used to reconstruct the December 1955 storm and the records at Soda Springs and Cisco Ranger 

E&e 
Canyon 

TAHOE NATIONAL FOREST 

0 5 IO 

SCALE OF MILES 

FIWRE IO.-Drainage basin, Bouth Yuba River new Ciaoo, Calif. Drainage area ie 51.5 square miles. 

Station, Daily records of both precipitation and 
snowfall throughout the storm indicated that the 
density of fresh fallen snow varied, which had to 
be accounted for in the computational procedure. 
Pertinent climatological data from the Soda 
Springs record are listed in table 3. 

From the hourly records available at both Soda 
Springs and Cisco Ranger SDation, the weighted 
average increments of precipitation were derived 

for the entire basin. These were accumulated in 
3-hour increments for the subsequent analysis. 

Potential snowmelt was computed by the Corps 
of Engineers snowmelt equation. Hourly tem- 
perature and wind speed records at Blue Canyon 
were used to determine the periods of snowfall and 
to provide the factors necessary to compute poten- 
tial snowmelt. 

Because of the saturated air condition, dewpoint 



D8Y 

- 

_- 

- 
- 

- 

- 
- 
- 
- 
- 
- 

Precipitation 
(inches) 

Snowfall depth 
(inches) 

Snowf8ll snow on 
density 2 ground 
@Jrcsnt) (inches) 

- 

l--------------- 
2-----..-----,--- 
3--------------- 
4--~~~~~~~~~---~ 
5--------------- 
6------------e-m 
7--- ------- ----_ 
8--------------- 
9--------------- 
lo-------------- 
11-------------- 
12--~~-~~~-~---~ 
13-------------- 
14~-~---~~~~~-~- 
15-------------- 
16-------------- 
17---------..---- 
18-------------- 
19-------------- 
20-------------- 
21-------------- 
22-------------- 
23-------------- 
24-------------- 
25-------------- 
26-------------- 
27-----------e-m 
28-------------.. 
29-------------- 
30-------------- 
31-------------- 

1. 01 
0. 56 
0. 02 

---- ----_ 
--- -----_ 

2. 74 
0. 33 

------- -_ 
1. 19 

12. 0 8 
8. 0 7 

trace --__-_---_ 
_--------_____-___-_ 
__---_-----_____---_ 

14. 0 20 
1.0 33 

_--------- -___-_-_-_ 
7. 0 17 

_------------------- 
- - - - - - - - - ---------- ---------- 
- - - - - - - - - -------------------- 

-------------------- 
--------_ -_-----------_------ 
- - - - - - - - - 

0. 32 
0. 64 
0. 58 
4. 16 
2.35 
0. 64 
6. 69 
7. 04 
4.07 
0. 11 
1. 53 
1.20 
0. 57 
0. 02 

-------------------- 
2. 0 16 
3. 0 21 
6. 0 10 

22. 0 19 
5. 0 47 

__------------------ 
-------------------- 

--_-_-_-_ 
0. 40 

_------------------- 
30. 0 14 

1. 0 11 
7. 0 22 
7. 0 17 

11.0 5 
1. 0 2 

_------------------- 
6. 0 7 

- 
1 Observed 8t 8 8.DL 

2 Derived from precipitation snd snowfall depth. 
3 Accumulated from November 12. 
4 Derived from scoumulated precipitation snd snow on ground. 

EXAMPLES OF RAIN-ON-SNOW COMPUTATIONS 

TABLE 3.-Summary of climatologicat &ah--Soda &wings, Calif.,’ December 2955 

Temp. (“F) 

msx. min. 

30 42 14 
37 28 13 
36 25 15 
35 29 -4 
35 29 -4 
46 35 25 
46 36 4 
45 38 7 
50 34 26 
49 43 10 
47 45 14 
46 52 13 
45 51 8 
44 54 13 
43 53 13 
44 42 22 
47 33 23 
53 34 23 
70 35 24 
69 28 29 
64 38 33 
52 43 35 
43 42 37 
71 38 22 
71 32 25 
73 37 30 
79 36 4 
86 27 14 
83 25 9 
81 20 -8 
84 28 6 

- 
I Accumulated Pack 

precipitation 1 
(inches) 

density 4 
(percent) 

--- 

8.40 
8. 96 
8. 98 
8. 98 
8. 98 

11.72 
12.05 
12.05 
13.24 
13.24 
13.24 
13.24 
13.24 
13.24 
13.24 
13.56 
14.20 
14.78 
18.94 
21.29 
21.93 
28.62 
35.66 

28 
24 
25 
26 
26 
25 
26 
27 
26 
27 
28 
29 
29 
30 
31 
31 
30 
28 
27 
31 
34 
55 

-------. 
- - - - - - - . 
-------. 
-- -----. 
-_-----. 
-- -----. 
-------. 
-- -----. 

------- 
------- 
------- 
------- 
------- 
------- 
--_-_-- 
------- 
____--- 

25 

temperatures were used in place of ambient air 
temperatures. These temperatures were adjusted 
to an average basin elevation of 7,000 feet by use 
of the proper tables3 The wind speeds at Blue 
Canyon were averaged for 3-hour periods and 

adjusted to the basin mean elevation of 7,000 
feet.* 

*The procedure for adjusting windspeeds for elevation was 
developed in a special study, dated September 1963, by 
5. Schamach of the Office of Chief Engineer, Bureau of Reclama- 
tion, Denver, Colo. 
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Equation 5 was modified for a 3-hour period as V = Blue Canyon wind velocity in miles 
follows: per hour adjusted for elevation 

M,=(O.OO362+O.OoiO5 kV+0.007 R)(Td-32) 
f0.0112 (5a) R = incremental average rainfall over 

basin in inches 
where: Ma = snowmelt for 3-hour period in 

inches 

k = 0.7 (assumed for Yuba River Basin) 
Td = dewpoint temperature, “F., at Blue 

Canyon adjusted for elevation. 

TABLE 4.-i%owmelt computatima-b’outh Yuba River near Disco, CaZij. 

Time Dec. 1955 
- 

.- 
V (m.p.h.) 
-- 

- 

-- 
rd C’F.) 

- 

-- 
R(h) 1 

-- 

15/1800---------- 14 26 0. 04 
2100---------- 9 28 0. 10 
2400----e.----- 10 28 0. 06 

16/0300---m------ 10 28 0. 04 
0600---------- 9 28 0.02 
0900- - - - - - - -. - - 10 28 0. 02 
1200---------- 14 29 0. 13 
1500---------- 19 30 0.16 
1800---------- 21 30 0. 21 
2100-,-------- 15 29 0.12 
2400---------e 13 30 0. 04 

17/0300---------- 12 29 0. 06 
0600------m.--. 12 29 0. 04 
0900~~~------- 12 29 0. 04 
1200---------.. 11 28 0. 08 
1500,--------- 18 30 0.22 
1800---------- 19 29 0. 13 
2100---------- 14 28 0. 07 
24OOe--w-m---.. 15 29 0. 04 

18/0300---------- 18 29 0 
0600---m------ 20 29 0. 02 
0900 ---__ ----- 22 29 0. 03 
1200~-~~-----.. 24 27 0. 03 
1500---------- 23 26 0.27 
1800---e------ 35 27 0. 56 
2100---------- 44 29 0. 75 
24OOm-em------ 45 31 0. 86 

19/0300---------- 44 32 0. 75 
0600------s-m- 43 33 0. 63 
0900---------- 41 33 0. 76 
1200~--------- 46 34 0. 66 
1500---------- 43 32 0. 52 
1800---------- 30 31 0. 44 
2100---------- 33 33 0.38 
24OOm---m----- 30 35 0.46 

- - - 

us ’ (in.) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0. 05 
0. 05 
0. 10 
0 
0 
0. 04 
0. 11 

- 

Time Dec. 1955 

- 

-- 

20/0300------w-w.. 
0600--e------- 
0900~~~~~-~--- 
1200---------- 
1500-~~-~----. 
1800---------. 
2100---------. 
24OOe---m---m. 

21/0300-----w-v-. 
06OOvm-------. 
0900- - - - - - - - -. 
1200---------. 
1500--~-~-~--. 
1800---------- 
2100-----~---~ 
2400---------- 

22/03Oo---------- 
0600------e.--.. 
0900~~~~~~~-~~ 
1200--~----~-~ 
1500--------..- 
1800-~-----~-~ 
2100---------- 
2400--------m.- 

23/0300---e.-----. 
0600----m.--..-- 
0900---------. 
1200--~~~---~. 
1500---------. 
1800-~~~~-~~~- 
2100---------- 
2400---m------ 

24/0300---------- 
0600-------s.-- 
09ooL-------- 

V (m.p.h.) 

31 
31 
29 
24 
24 
23 
22 
27 
25 
23 
23 
23 
27 
27 
30 
33 
32 
30 
32 
29 
22 
24 
33 
45 
43 
48 
51 
51 
50 
38 
17 

_-_---. 
_-_---. 
_-_---. 
_-_---. 

'Id ('F.1 

36 
36 
36 
36 
36 
37 
37 
37 
36 
36 
37 
37 
38 
40 
41 
41 
41 
40 
40 
40 
39 
39 
40 
42 
40 
40 
38 
37 
33 
29 
26 
23 
22 
21 
21 

- 

- 

, 
-- 

I 

I 

, 

/ 

- 

R (in.1 
-- 

- 

A 
_- 

0.49 
0. 57 
0.28 
0. 06 
0.32 
0. 26 
0. 13 
0. 06 
0.07 
0. 04 
0.03 
0. 09 
0.41 
0. 83 
1.00 
1. 92 
1. 12 
1. 04 
1.20 
0. 76 
0. 24 
0. 66 
1.35 
1. 59 
0. 50 
0. 95 
1.01 
1. 02 
1. 02 
0.72 
0.42 
0. 42 
0. 34 
0. 17 
0. 01 

88 1 (in.) 

0. 13 
0. 13 
0. 12 
0.10 
0. 11 
0. 12 
0. 11 
0. 13 
0. 10 
0.09 
0. 11 
0. 12 
0.17 
0. 25 
0.31 
0.38 
0. 33 
0. 27 
0.30 
0. 25 
0. 16 
0. 19 
0. 31 
0. 49 
0. 32 
0.38 
0.30 
0.25 
0. 06 
0 
0 
0 
0 
0 
0 

- 

1 Snowmelt in inches computed by equation 5% 
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Table 4 shows the computed snowmelt in 3-hour 
increments and the factors V’, Td, and R. It was 

assumed that there is no potential snowmelt when 
temperatures were 32” F. or less. 

A. Andyzing each new Zayer separately 

The reconstruction of the storm beginning at 
3 p.m. December 15 and ending 9 a.m. December 24 
is computed in figure 11 (4 sheets). The analysis 
was made on form B, wherein each new snow 
layer was analyzed separately. The initial snow 
depth was 43 inches with a density of 31 percent 
as estimated from the record at the Soda Springs 
station. Snowfall from 3 p.m. on December 15 
to 3 a.m. on December 19 was deposited at various 
densities, and, therefore, these are recorded sepa- 
rately as layers 1 through 4. 

Three periods of melt occurred from 3 a.m. to 
12 m. on December 19. The first two periods of 
melt and rainfall were completely absorbed by 
the top layer, No. 4, and resulted in a top layer 
density of 28.7 percent. More water was necessary 
to bring the top layer to the same density as the 
lower snowpack, which had a density of 31 per- 
cent. It was found that all the snowmelt in the 
next period plus a portion of the rainfall was nec- 
essary to bring the top layer, No. 4, to 31-percent 
density. In a manner similar to that explained in 
example II-A, the portion of rainwater used in 
bringing the next two layers to a density of 31 per- 
cent was computed. There was not enough water 
to bring the intermediate top layer No. 1, to 31- 
percent density ; therefore, this layer had to be 
supplied water in a subsequent period. To sim- 
plify the computational procedure, the assump- 
tion was made that the top layer is brought to 31- 
percent density first, then underlying intermediate 
layers from the top to the lower snowpack. 

Snowfall followed, depositing a new top layer, 
No. 5, at lo-percent density. In subsequent periods 
of snowmelt, this top layer was first brought to 31- 
percent density before bringing the intermediate 
top layer, No. 1, to 31-percent density. When all 
top layers had reached the density of the original 
snowpack, the combined homogeneous snowpack 
at 31-percent density was assumed to be dry. The 
water used to compact the upper layers is assumed 
to have refrozen in the snowpack. Subsequent 
snowmelt and rainwater were applied to the en- 
tire homogeneous pack. 

The processes of snowfall, melt, and rainfall con- 

tinued until the snowpack reached the assumed 
threshold density of 45 percent. Thereafter, 
drainage from the pack occurred until another pe- 
riod of snowfall was encountered. The computa- 
tions were terminated on December 24, when it was 
evident that the period of drainage from 3 p.m. on 
December 21 to 3 p.m. on December 23 had caused 
the observed flood as shown in figure 12. A 
graphic record of the storm data and computa- 
tions are also shown in figure 12. 

A variable retention rate ,was assumed during 
the initial 18 hours of drainage. Thereafter, a 
constant retention of 0.1’7 inch per hour was as- 
sumed as shown by the insert in figure 12. The 
retention curve was constructed in such a manner 
as to produce a computed volume of excess equal 
to that of the net observed flood hydrograph ; that 
is, the hydrograph remaining after base flow was 
subtracted from the observed hydrograph. 

The resulting excesses were applied to the 3- 
hour unit hydrograph also shown in figure 12. A 
lag time of 8 hours for the 51.5~square-mile drain- 
age area was applied to a dimensionless unitgraph 
developed on the North Yuba River at New Bul- 
lards Bar damsite in deriving the 3-hour unit- 
graph. An assumed base flow was added to the 
computed net hydrograph which resulted in the 
reconstructed hydrograph as shown in figure 12. 
Except for slight variations, which must be ex- 
pected in any reconstruction, the computed hydro- 
graph generally agrees with the observed hydro- 
graph. Also the computed snowpack depths agree 
well with the recorded depths. 

B. Averaging the new mowfaZZ into the entire 

The example of computations in figure 11 and 
illustrated in figure 12 was based on an analysis in 
which the new snow layers were individually 
brought to the density of the main snowpack. If 
the new snow layers had been averaged into the 
snowpack, the computations would have appeared 
as shown in figure 13 following the procedure de- 
scribed in example II-B. Note that the resulting 
snow depths and drainage amounts were slightly 
different than those computed in figure 11. How- 
ever, the differences are well within the range of 
accuracy that can be expected in hydrologic 
analyses of this type, and the two results can be 
considered to be essentially identical. 
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FIQUBE Il.-Sheet 1 of 4. Emampb III-A. Rabon+now computationa w4th intermittent 8nowfaZl anaZgsed eeparateZg, South Yuba River necur Cisco, 
CaZif. 



RAIN-ON-SNOW COMPUTATION-WITH INTERMITTENT SNOWFALLS 

By _.___ ------------__ Dote------------ 

FIGURE Il.----Sheet 2 of 4. Example III-A. Raimmmww com@utatims with intermittent anowfalb amalyzed separately, South Yuba River near Ciaco, 
Calif. 



RAIN-ON-SNOW COMPUTATION-WITH INTERMITTENT SNOWFALLS 

Date----._------ 

FIGURE Il.-Sheet 3 of 4. Eoampk IZI-A. Ra&+m-.gnow computation8 wd th intermittent snowfall.8 amal@ed separate@, South Y&a River lzea~ CiSCO, 
Catif. 



RAIN-ON-SNOW COMPUTATION-WITH INTERMITTENT SNOWFALLS FOR M R.,, Y”b mver near 
Proj ec t--~i~~~~_4~~~f~n,~,-~~~~~e~ 1955 

BY .._....... --------- Dote~~~~-~--~~~~ Sheet___?-..of_-_i__------. 
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FIQUBE Il.--Sheet 6 of 4. loample III-A. Rakmm-anow mnnputations ti th intermittent mowfalZ3 amalyzed 8epwateZg South Puba River near Cisco, 
CaZif. 
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RAIN-ON-SNOW COMPUTATIONS 
FORM A Sovth Yuba River 

near CLSCO, Callforma. 
,averag>ng a,, layers) Project- -_4”_‘_“&L_‘!?? _____ 

Elevatians__ss_oo__to-~~~~~ ____ ft. Area ____ 515_ ____ Sq. Mi. initial density _________ % 
Avge. Elev..--?o_oo ______ ft. ----l!O--_% of basin. Threshold density_4_5_0_-% 

Zone-------- 
he 1016 

DESCRIPTION 1 1 A t B i C 1 D 1 E 1 F ! G 1 H 1 I I J 1 K”I”L I M 
Time at end of Interval (HI-S.) I I 115,~~ I 6~ I w I 12~ I semi 8~ I QA I ,*A I w I 6~ I w I IZP i17/3~ 

lnltlal Dry Snow Depth 
Initial W.C. (dry snow) 

W.C. (dry ! 

RAIN-ON-SNOW COMPUTATIONS 
FORM A South Yuba Rwer 

near ClSCO. California. 
IaveragIng all Layelsl 

51 Layer NO. 3 0 10% ! I I 

I I I I I k ! I 

nslry-~-~~~-~~m 
_, Zone------ I 

Max. Allcwable W.C. at L-O_% ~I~’ lZ”l 1-I 

I I I I I I 

FIG1 JRE 13.-Plate 1 of 3. Example III-B. Rain-on-snow computations with intemnittmt mowfall. avera 
the snowpack, South Yuba River near Cisco, Calif. 

into 
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RAIN-ON-SNOW COMPUTATIONS 

APrecipitation I2 I 0.151 o.asI 0.751 0631 0.761 0.66l a.521 0.441 0.381 a.431 0491 0.571 0.28 

-:-o/o vanes 3 5 o. 5 .73 5.00 ! ! 5.20 4.40 I I I ! F- ASnowfolI Depth ot- 
APotential Snowmelt W.C. 14, I I I 0.051 o.osl O.lOl I I 0.041 0.111 0.13) 0.131 0.12 

MELT FROM SNOWPACK BEFORE REACHING THRESHOLD DENSITY 

fate3 
t of Initial 

FIGURE 3 

dGnrity-r-5;o_-% 
lH[l IJ 

.D DENSITY 

AW.C. of Melt 
I I 

CK BEFORE REACHING THRESHOLD DENSITY 

Accum. W.C.- (dry snow + water) I 1 ~3.4~ mm 
It of lnitiol W.C. 12 121.9 130.4 1: 

Percent of lnitlal Depth I3 86.8 85.6 n 
Compacted Depth 14 69 8.6 68.48 , 
Dry Snow Density (%I I I: 

Pack Density (%I [I61 33.6 134.1 I 35.8 I 38.6 
SNOWPACK AFTER REACHING THRESHOLD DENSITV 

Snow Depth 1171 I I I I I 1 
Accum. W.C. IIS1 1 
Max. Allowable W.C. at Z,O_% IIS1 I I I I 

EXCESS WATER AVAILABI = =nD ““l”w- 

A Droinoae from Snowpack 1201 I I ! I 
Alnfil 
AExcess waler Tram Lone ,LL, , I I L. 
AEquiv. Basin-wide Excess 1231 I ! 

I I I 

I I I I I I I I I 

II I I I 
I I I I I I I I I 

K-Plate 2 of 3. Example III-B. Rain-on-snow computations with irktermittent snowfalls average 
the snowpack, Solith I’uha River near Cisco, Calif. 
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RAIN-ON-SNOW COMPUTATIONS FORM A South Y”lm River 
hvereging all layers, near CCBCO, Cahfornie. 

Elevotions-r600___to___sooo____ft 
Project,-_D_ecember 1955 ““““_” “““” 

Areo___sl,s_-__Sq.Mi. 
Avge. Elev...----~~x----ft 

Initial density-.-------% 
---CL---% of bosin. Threshold density-e---% 

Zone _______ _ 

DESCRIPTION 
Time n+rn,, n+ in+ersm, IU..C\ 

I lAlelclDl~l~l~lnl 
sleet 5 Of B 

I ., I . I .- 
I le..-. I I 

RAIN-ON-SNOW COMPUTATIONS FORM A SO”fh Y&a River 
near cisco, Californ*a. - n”rrmh”r 1cl5i. 

Elevotions___s~QPn__to____8000___ft. A, WU----~L.Z ____ w,. ~1. mmau 
Avge. Elev .___ -Too_0 ______ ft. 

aensmy _________ x 
----~00--% of basin. Zone ____ -___ 

OESCRlPTlON 
Threshold density_4_5_o_-% 

I lAlGlClPl~lFlGl~lt 
Sheet 6 Of 6 

Time atend of interval (Hrs.) I I (~3,~pj gp 1 
lJlKlLlM 

1 I 

APrecinitntinn 

-. “.“.... “. I.,“. 1-7’1 , I I I I 

MELT FROM SNOWPACK BEFORE REACHING THRI 
AWC. of Melt 
ADepth of Melt at----% 

I 5 uL,,r $&. 8 @ &+ 
16 1 

! 
I I 

I y 
I 

I I 
I I I I 

AUIC “.z ..-t* 
MELT FROM SNOWPACK AFTER REACHING THRESHOLD DENSITY 

“.L. “1 me,, ,r, , I I 
r.““AL “X .a-,* 16 1 

I 
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TABLB 5.-#umnZary Of W&&t aQ&d ~t?luK%e relatimdhips in a 8noW~aCk 

Compacted snowpack 2 

At threshold density 40 percent At threshold density 45 percent 

- 

- 

.- 

Initial snowpack at 100 percent thermal quality 

I 

T Percent of volume 

I I 

Air 
.- 

7 r Percent of weight 
I 

I Percent of volume Density 
Of dry 
snow 
OdY 

Density 
of dry 
snow 

Snow Water 
___~ 

17. 6 23. 8 
21. 3 20. 4 
25. 0 17. 0 
28. 7 13. 6 
32. 4 10. 2 
36. 1 6. 8 
39. 8 3. 4 
43. 5 0 

__-____-___ 

Percent of weight 

snow 1 Water 
-- 

16. 2 40. 5 59. 5 
19. 6 49. 0 51. 0 
23. 0 57. 5 42. 5 
26. 4 66. 0 34. 0 
29. 8 74. 5 25. 5 
33. 2 83. 0 17. 0 
36. 6 91. 5 8. 5 
40. 0 100.0 0 

_ 

- 

Percmt of volume 
Density 

5---------------- 
lo--_------------- 
15--_------------- 
20-------..-------- 
25---------m------ 
30---------------- 
35_--------------- 
40---------------- 
45---------------- 

.- 

.- 

- 

.- 

- 

-- 

- 

- 

- 

- 

, 
Water Air 

-- -- 

I 

27. 1 
23. 7 
20. 4 
17. 0 
13. 6 
10. 2 

6. 8 
3. 4 
0 

- 

53.4 ? 

53. 1 5 
52.9 z 
52. 6 52. 3 0 

z 
52. 0 
51.7 z 
51.4 z 
51.1 0 

=I 
7 

Water snow 

60. 2 19. 5 
52. 7 23, 2 
45. 3 26. 7 
37. 8 30. 4 
30. 2 34. 1 
22. 7 37. 8 
15. 1 41. 5 

7. 6 45. 2 
0 48. 9 

Snow 1 

58. 6 17. 9 39. 8 
58. 3 21. 3 47. 3 
58. 0 24. 6 54. 7 
57. 7 28. 0 62. 2 
57. 4 31. 4 69. 8 
57. 1 34. 8 77. 3 
56. 8 38. 2 84. 9 
56. 5 41. 6 92. 5 

__--_-__ 45. 0 100. 0 

Snow 

5. 4 
10. 9 
16. 3 
21. 7 
27. 2 
32. 6 
38. 0 
43. 5 
48. 9 

16. 7 

Air 

94. 6 
89. 1 
83. 7 
78. 3 
72. 8 
67. 4 
62. 0 
56. 5 
51. 1 

83. 3 

_- 

_ 

I 

- 
Data from laborstory experiment 

Snowpack at density 42.5 percent Snowpack at density 45.7 percent at end ofexperiment after z 
just before drainage began drainage had ceased 

24.01 56.51 43.51 26.11 18.51 55.4 31.81 69.61 30.41 34.61 13.91 51.5 ; 

“z 

- 

- 
15.4----- ____ - __-. 

1 Same as “Thermal Quality.” 



Comparison With Other Procedures 

T ABLE 5 INDICATES the relative amounts of snow 
and water in the compacted snowpacks for 
various assumed initial snowpack densities. 

The relative amounts are expressed as percentages 
of the total snowpack weight and as percentages 
of the total snowpack volume. The relative 
amounts observed in the laboratory experiment are 
also shown. The values in the table are an extrap- 
olation from the single laboratory experiment. 

The relative amount of snow expressed as per- 
cent of weight is identical to thermal quality. 
Thermal quality is defined by the Corps of Engi- 
neers as “the ratio of the heat necessary to produce 
a given amount of water from snow to the amount 
of heat required to produce the same quantity of 
melt from pure ice at 32” F.“4 In the laboratory 
experiment when the snow was at, 42.5-percent 
density, just before drainage began, the thermal 
quality was 56.5 percent and the free water 
a.mounted to 43.5 percent of the snowpack by 
weight.. At the end of the experiment after drain- 
age had ceased, the density was 45.7’ percent, the 
thermal quality was 69.6 percent, and the free 
water was 30.4 percent of the snowpack, by weight. 
In table 5 the compacted snowpacks at threshold 

conditions have thermal qualities that vary from 
40 to 100 percent and free water contents that 
vary from 60 to 0 percent, by weight, depending 
on the initial condition of the snowpack. It will 
also be noted that in all cases, the unoccupied air 
spaces in the compacted snowpacks represent from 
51 to 59 percent of the snowpack volume. 

Some investigators compute the amount of 
water storage in the snowpack on the assumption 
of a limiting lower value of thermal quality or an 
upper limit of liquid water-holding capacity. The 
Corps of Engineers states that “Thermal qualities 
ranged from 80-110 percent. Generally low 
thermal quality values were obtained during t,imes 
of high melt when samples of snow contained melt 
water in transit or in excess of the liquid water- 
holding capacity of the snow.“5 Bernard and 
Wilson state that ‘Coarse grainy snow may have 
a minimum quality of 70 percent or 80 percent.. 
New snow, of finer pa.rticle size, has been observed 
to have qualities of less than 50 percent in small 
shallow patches.“G 

The complement of thermal quality is the liquid 
water-holding capacity which is expressed as per- 
cent, by weight, of the total snowpack. The 
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38 EFFECT OF SNOW COMPACTION ON RUNOFF FROM RAIN ON SNOW 

Corps of Engineers recommends that the maxi- 
mum free water for the snowpack be 10 percent, 
which includes the water in transit of 6 percent 
of the snowpack water equivalent.’ Another 
reference states “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 observa- 
tions of liquid-water-holding capacities are avail- 
able. * * * It is pointed out that the liquid-water- 
holding capacities of snow, as discussed in the pre- 
ceding paragraphs, represent 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 liquid water far in excess of that for 
mountainous areas where free drainage is rapid.“s 

These quotations regarding thermal quality and 
liquid-water-holding capacity may, at first glance, 
appear to dispute the assumptions used in the 
snow compaction procedure. However, as stated, 
those observations were based mainly on spring 
snowpacks of densities above 35 percent. In 
table 5 it will be noted that for those snowpacks 
having initial densities above 35 percent, the 
thermal qualities and percentage of water do not 
differ significantly from the limits quoted. An 
old spring snowpack that has lain on the ground 

for a considerable length of time has been sub- 
jected to periods of thaw and refreezing which will 
cause the snow grains to be coarser with a reduc- 
tion in water-holding capacity. The snow com- 
paction procedure is designed to be used with a 
new light-density snowpack which is assumed to 
have been deposited relatively recently, and was 
followed immediately by a steady, short duration 
rainfall. This fresh snow can be expected to have 
tlner grains with a resultant larger water-holding 
capacity, such as referred to by Bernard and Wil- 
son. The laboratory experiment values in table 
5 also show that the water-holding capacity can be 
quite large for an initially low-density fresh snow 
subjected to an immediate application of water. 

In the snow compaction procedure it is assumed 
that no drainage will occur until the snowpack 
has reached its threshold density and that there- 
after it will undergo no further compaction. 
Actually, in the laboratory experiment it was 
observed that some compaction did take place after 
the threshold density had been reached. Also, 
field observers have noted instances when drainage 
had occurred at widely differing densities. How- 
ever, these observations appear to be more the 
exceptions than the general rule. The assumption 
of a threshold density of 40 to 45 percent gives 
reasonable results for the use intended, particu- 
larly when the main interest is in the drainage 
from rain on snow associated with the large run- 
0fT events. 



Append’ix--Data From Laboratory 
Experiment 
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Appendix A 

TABLE 6.-Observers’ notes-Consolidation of snow due to the addition of water-Laboratory experiment 

Time Snow depth 
(hr.-min.) (inches) 

1325 
1338 
1341 

42.75 
37.25 

1349 
1350 
1354 
1355 
1356 
1358 
1359 
1400 
1403 
1406 
1408 
1411 
1412 
1414 
1417 
1418 
1419 
1421 
1423 
1425 
1428 
1433 
1434 
1444 
1446 
1447 
1452 
1455 
1500 

37.00 
36.75 
36.25 
35.75 
35.25 

-____ -__ 
34.75 
34.625 

- _ _ - - _ _ _ 

32.25 
30.75 
30.25 
28.75 
28.25 
27.50 
26.25 
24.25 
23.75 
23.25 

-______ - 
22.25 

- _ _ _ _ _ _ - 
__-__--_ 

20.75 
- _ _ _ _ - - - 
-__- __-- 

20.75 

( 

-- 

_- 

_- 

_- 

-- 

- 

:ross weight 
(pounds) 

52.2 
52.2 

53.2 
54.2 
55.2 
56.2 
57.2 
57.2 
58.2 
59.2 

59. 2 
60.2 
61.2 
62.2 
63.2 
64.2 
65.2 
66.2 
66.2 
67. 2 

68. 2 
---____- 

59.0 
60.0 
59.0 

59.0 

- 

Remarks 

Sample tube set outside to cool. 
Tube filled with snow outside. 
Test begun in controlled temperature room. Temperatures: Snow 28” F., water 

37” F. 
Room temperature 42” F. 
Snow saturated to 8 inches, dry below. 

Bottom snow unchanged. 

Bottom snow unchanged. 
Microscope slide taken. 
Temperatures: Water 38” F., room 42.5” F. 
First appearance of water in snow at bottom. 
Picture taken. 
Bottom snow saturated but no drainage. 
Bottom snow saturated but no drainage. 
Bottom snow saturated 2% inches deep but no drainage. 
No drainage. 
Bottom snow saturated 2% inches deep but no drainage. 
Bottom snow saturated 3% inches deep, drainage water in gravel pan >/4 inch deep. 

Drainage water in gravel pan 36 inch deep. 
Bottom snow saturated 3% inches deep, drainage water in gravel pan s inch deep. 
Drainage water in gravel pan ‘3/16 inch deep. 
Bottom snow saturated 4% inches deep, drainage water in gravel pan g inch deep. 
Bottom snow saturated 3% inches deep, drainage water in gravel pan 1% inches deep. 
After emptying the gravel pan. 
Water passes through. Microscope slide taken. 
After emptying the gravel pan. 
Picture taken 1455 to 1500 hours. 
Room temperature 41” F. End of test. 

Date of test: Dec. 20,195l. 
Observers: W. U. Garstka 

H. P. Qrout 
D. L. Miller 
Q. E. Monfore. 
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Appendix B 

TABLE 7.-Computation of snow cmnpacttin curve from results of laboratory experiment 

Time (hr.-min.) Snow depth 
(inches) 

1338---------- 42.75 
1341-----..---- 37.25 
1349---------- 37.00 
1350--~-~~~-~~ 36.75 
1354---------- 36.25 
1355--..-----_- 35.75 
1356-------m_- 35.25 
1359---------- 34.75 
1400---..~~--~- 34.625 
1411---~~~-~~- 32.25 
1412-----s.-,-- 30.75 
1414---------- 30.25 
1417---------- 28.75 
1418-------..-- 28.25 
1419-~-~-~---~ 27.50 
1421---------- 26.25 
1423---------- 24.25 
1425--e------- 23.75 
14287e-------- 23.25 
1434---------- 22.25 
1446---_-___-_--_------. 
1447---------- 20.75 
1452----e.---..- 20.75 
1500-~~--~~--- 20.75 

PD depth in 
percent of 

initial depth 

100 
a 87.1 

86.5 
86.0 
84.8 
83. 6 
82.5 
81.3 
81.0 
75.4 
71.9 
70.8 
67.3 
66. 1 
64.3 
61.4 
56.7 
55.6 
54.4 
52. 0 

___-_ 
48.5 
48. 5 
48.5 

- 

1 

_- 

- 

Water added 4eci%rated 
(inches) (inches) 

16.6032 6.60 
0.0 6.60 
0.4233 7. 03 
0.4233 7.45 
0.4232 7.87 
0.4233 8.30 
0.4233 8.72 
0.4233 9.14 
0.4233 9.57 
0.0 9.57 
0.4233 9.99 
0.4232 10.41 
0.4233 10.84 
0.4233 11.26 
0.4233 11.6s 
0.4233 12.11 
0.4232 12.53 
0.0 12.53 
0.4233 12.95 
0.4233 13.38 
0.0 13.38 
0.4233 13.80 
0. 0 13.80 
0.0 13.80 

- - 

_- 

- 

P, acCum”- ln~o?eg*rllor 
lated water 

in percent of 
initial water 

(inches) 

100 _- ______ -- 
100 _-___-___- 
106.4 _- _______ - 
112.8 ______ -___ 
119.2 _-_- ______ 
125.6 __________ 
132.1 __________ 
138.5 __________ 
144.9 _-- _______ 
144.9 ----_--__- 
151.3 ___-__-___ 
157.7 __----__-_ 
164.1 __________ 
170.5 __- _______ 
176.9 _-__-___-_ 
183.3 0.6773 
189.7 __- _____ -_ 
189.7 0.6264 
196.2 0.6349 
202.6 0.8635 
202.6 1.0921 
209.0 - _________ 
209.0 0.4233 
209.0 0.0 

lccumulsted Water conten 
drainage 
(inches) 

of snow pack 
(inches) 

___-___-. 6. 60 
- - - _ - - - _ 6.60 
_ _ _ _ _ _ _ - _ 7.03 
_ - - _ - - _ _ 7.45 
______ --. 7.87 
_ _ _ _ _ - _ _ _ 8.30 
- - - _ - - - _ 8.72 
- - - - - - - _ . 9.14 
_ - _ _ - - - _ _ 9.57 
_______ -. 9. 57 
_ - _ _ - - - - - 9.99 
-____---. 10.41 
_ _ _ _ _ - _ _ . 10.84 
___- _____ 11.26 
_ _ _ _ - - - _ - 11.68 

0.68 11.43 
____ ---_. _______ -_. 

1.30 11.23 
1.94 11.01 
2.80 10.57 
3.89 9.48 

_- ____ -__ _ - - _ _ - _ _ - 
4.32 9.48 
4.32 9.48 

- 

t E 

-- 

_ - 

_ - 

- 

41 

inow pack 
density 
(percent) 

15.4 
17.7 
19.0 
20. 3 
21.7 
23. 2 
24.7 
26.3 
27. 6 
29.7 
32.5 
34.4 
37.7 
39.9 
42. 5 
43.5 

- - _ _ - _ _ 
47.3 
47.4 
47. 5 

- - - - - _ _ 
_ _ _ _ _ _ _ 

45. 7 
45.7 

1 Water equivalent of initial dry snow sample. 
0 Initial compaction caused by moving the sample into the laboratory. 

A representative line drawn through the initial point and the points for accumulated water greater than 138 percent has the equation: P~=147.4-0.474P,. 
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II-& ; ’ cylinder in place: 

k ; I DEPTH WEIGHT 

-Y-Y INCHES POUNDS 

?- l/4 I .60 
7/16 3.08 
S/8 4.58 

13/16 6.10 

PLEXIGLASS CYLINDER 
7/e 6.62 

I3/16 9.20 

FIGURE 14.-Dimensiwa of equipment wed in laboratwy experiment. 

Z I ’ 
mm ’ 
Ki ; 

GRAVEL PAN 

! I Volume of water in pan with snow and 
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FIGURE 15.-Snow compaction elIJperiment. after 79 minutes. Snow depth is 20.75 inches after 7.20 inches of water had
been added. Density is 45.7 percent and 4.32 inches of water have drained out of the bottom.
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