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Insolation and Snow Melt in the Sierra Nevada *

Pavip H. MiLLER

Cooperative Snow Tivestigations, Se. Pacific Div., Corps of Engineers, Oakland, Calif.

ABSTRACT

The role of solar radiation in processes causing melting of a deep snow pack in the Sierra
Nevada in 1946 was found important, both in direct absorption and as source of heat relayed
to the snow by forest canopy and other elements in the environment of the snow.

INTRODUCTION

NSOLATION, weather, snow pack, and
I stream flow in a mountain valley during the

water year 1945-46 were studied by the Co-
operative Snow Investigations, under joint aus-
pices of the Corps of Engineers and the Weather
Bureau. Observations were made at the Central
Sierra Snow Laboratory, reduced and studied in
the Processing and Analysis Unit, and reported as
Technical Report No. 5.

The snow laboratory is a small mountain basin
near Donner Pass, California, consisting of a
rolling glaciated granite and lava surface between
6,900 and 9,100 feet altitude with a scattered cover
of sub-alpine forest [5]. Most of the observations
were made at headquarters, at the basin outlet,
where standard temperature, wind, and precipita-
tion data were obtained, supplemented by Eppley
pyrheliometer measurements of solar radiation,
both incoming and reflected from the snow sur-
face, observations of temperature and wind within
and above the forest, and measurement of flow of
liquid water out of the 4 square mile basin. Snow
pack over the basin was surveyed by 16 field sta-
tions {see map, F1c. 1).

‘SUMMARY OF SEASON

Weather during 1945-46 did not differ signifi-
cantly from the long-term average of Sierra crest
climate except insofar as the snow pack was estab-
lished earlier, suffered less attrition, and melted
more rapidly under the cloudless skies of late
spring with little complication from late storms.
Early winter was stormy, daily values of the
zonal index to the westerly circulation being below
normal 60% of the time; two-thirds of the year’s
precipitation of approximately 60 inches fell be-

* Ahstracted from a paper presented to meetings of
the American Geopliysical Union at Berkeley, California,
14 February 1948, which was based upon Technical Re-
port No. § of the Corps of Engineers—Weather Bureau
Cooperative Snow Lnvestigations, “Hydrometeorologieal
Log of the Central Sierra Snow Laboratory, 1945-1946."

Published by permission of the Office, Chief of Engi-
neers, Dept. of the Army, and U. S. Weather Bureau.
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fore the end of December. In January and Feb-
ruary the index was above normal 76% of the
time and the weather was cold and dry, preserving
the deep pack, which was again increased by March
precipitation to an average over the basin of 50
inches water equivalent. On 10 April came a
sharp increase in insolation, hence also in air
temperature; the zonal index was above normal
60% of the time; a successtoni of clear warm days
continued on into the dry summer with but few
breaks. This weather was ideal for studying melt
caused by high insolation and resulting high day-
time temperatures, with little complicating effect
of the advection of warm, humid, cloudy air over
the snow fields. At this time a northerly position
of the east end of the Pacific anticyclone was closely
associated with rises in the runoff hydrograph
from accelerated snow melt.

HEeAT

Prior to the melting season insolation was re-
duced by cyclonic cloudiness averaging 5 tenths
sky cover, and had an average daily intensity of
350 calories per square centimeter, During the
melt season, on the other hand, cloud cover aver-
aged only 2.6 tenths; insolation abruptly increased
to 650700 calories/sq cm per day, a level which
it retained with minor interruptions through the
melting season and on past the summer solstice.

Insolation was found well correlated with daily
range in air temperature, the coefficient being 0.75.
Albedo of the snow surface was determined, from
continuous records of incident and reflected short-
wave radiation, to be generally lower than gener-
ally reported formerly [1]. Before the melt season
it averaged 0.62 and during it 0.45, suggesting that
the snow surface may have been continuously
moist during daylight hours. Pitting and con-
tamination of the snow surface late in the melt
season are also causes of low albedos. Efficient
utilization of the abundant solar energy is indi-
cated.

High daytime air temperatures occurred fre-
quently during winter, and most of the time dur-

4o
NAS

-y




206 -:

BuLLETIN AMERICAN METEOROLOGICAL SOCIETY

\: L .
27T 7 RN
/35 \ ‘ 05 '\
) e 5
/,
/ (
' 1.2
f
!
' 29J ’ b-
’ X A 4 (’
a3 ) q A
] { !J I.3\
f} 2!\\ I N
o™ S ) 1
AY } ’\ J'
43 24 . ® -

5.~

| 77T WATER TEQUIVALENT

3077 -
A S

o8 4 -
STANDARD ERROR

A

‘ABLATION

Frc. 1. Snowpack characteristics in the central Sierra snow laboratory basin on 1 May 1946, Areal distributions
of several characteristics of the snow pack over the basin about three weeks after the onset of rapid melting. @) To-
pography map shows Castle Creck traversing the two major valleys of the basin, which separate three remnant vol-
eanmic ridges. Snow measurcments were made at stations shown by X, including the snow course at Soda Springs,
about a mile west of the basin outlet (data by California Cooperative Snow Surveys). Laboratory headquarters is
at basin outlet. Shaded areas above 7,500 and 8,500 ft elevation. &) Depth of smow pack, inches, at the 16 obser-
vation stations and Soda Springs. ¢) Density of snow pack, in percent. ) Mass of snow pack, in inches water
equivalent.  The average of 3H samples at each station is shown. e) Small-scale variance of water equivalent, ex-
pressed as standard error of the five to fifteen samples taken at each statisn. In inches and tenths. f) Ablation of

the snow pack, or loss of mass in the period 1 to 13 May, approximately, reduced to average inches per day; includes

hoth evaporation and meltwater runoff.

ing spring—94% of spring days had maxima
above 50°F and 49% had maxima above 60°.
Occurrence of such temperatures in the presence of
an- extensive, long-enduring snow pack, without
significant advection of surface air from snow-free
areas, raises a question about the process by which
local heating can reach so high a level. A pos-
‘sible answer involves the intermediary action of

the forest foliage as the “outer active surface™ of
the earth, to use Geiger’s [3] term, ahsorbing
short-wave insolation which has passed through
the nearly transparent atmosphere and converting
it into sensible heat on a large scale. General sub-
sidence in the east end of the Pacific anticyclone
may also be a factor [4].

This hypothesis is also suggested by the per-
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sistence during daytime of temperature inversions.
Most of the time the 50-ft station, being nearer
the canopy level most strongly irradiated, was
warmer than the 4-ft station, the exception being
a short period in the early afternoon when the
sun was at an angle high enough to penetrate to
{oliage near the lower level, which then averaged
as much as 2F° warmer than the upper and of
course much warmer than the snow.

Wind speeds were low, averaging only 4 miles
per hour above the tree crowns, and there was a
regular alternation of mountain and valley winds.
Heat supply by condensation was generally small.

MOoOISTURE

_After opening of the melt season storms were
few and insignificant, and had more the effect of
depressing stream flow than of causing rises.
Low freezing levels in these storms caused snow
to fall instead of rain, and melting was stopped by
the cold air and the cloudiness.

The snow pack was established at the end of
October. At the beginning of melt it extended
over 95% of the basin. This cover decreased to
about two-thirds of its original extent by early
May and to less than one-third by early June.

Station data. on the map, FiGure 1, show at
top center the snow depth on 1 May, a{ter three
weeks of melting had reduced the 16-station aver-
age to 73 inches, approximately 60% of that at
begmnmg of the melt season. No overall eleva-
tion effect is evident from the map: large depths
occur both in the lower valley and a thousand
feet higher on the slopes of Castle Peak, Local
exposure of the stations, particularly to solar radi-
ation, seemed to be of predominant importance in
influencing depth at this stage of melting.

Melt during the three weeks preceding the time
of the map increased the average snowpack den-
sity from 41% to 54%. Density values appear in
the upper right corner of the figure.

Water eqmvalent of the snow pack, or mass of
water present both as liquid and solid, averaged
about 50 inches at the onset of melting and de-
creased to an average of 39 inches at the time of
the map. Station data show water equivalent
at lower left, for 16 stations. Greatest values
were 55 to 60 inches on slopes of the upper basin,
and smallest were 25 to 30 inches on south expo-
sures in both upper and lower basins. The prox-
imity of stations with widely different values of
mass, for example, 27, 47, and 36 inches in a
mile-long line across the south end of the basin,
eviderices the importance of slope and orientation
in each station’s exposure. As melt procqec_]ed,
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the relative size of the dispersion from the 16-
station mean grew larger, the coefficient of varia-
tion increasing from approximately 25% (stand-
ard deviation 9.8 inches) at the time of the map
to over 100% at the end of May, o

Small-scale variation of snowpack mass, as dis-
tinguished from the large-scale variation jiist dis-
cussed, 1s indicated by the standard error of the
samples taken at each station, shown in lower
center of the figure. Often an eclement’s varia-
tion within a small area can be neglected, as done
in meteorology generally (unless micrometeoro-
logical conditions specifically are being studied),
because exposure conditions have long been stand-
ardized; but standardizing expositre of snowpack
measurements would defeat the objective of de-
termining the total mass of water in storage in the
forests, valleys, and hillsides of the basin, Hence
standard error is used to aid evaltation of data
from these various exposures,

MELT

Snow melt, not directly observable, was esti-
mated in two ways: first, by measuring ablation
at snow courses, including evaporation as well as
melt; second, by measuring runoff from the con-
tributing area. During the period 1 to 13 May
ablation was found to range from 0.5 to 1.8 inches
per day at various locations (see -upper right
corner of station models). Over all 16 stations
it averaged 1.36 inches per day, or the equivalent
of 0.13 inch per degree-day. Measured runoff
during this same period, assuming that all the
snow-covered area contributed, averaged 141
inches per day.

- Peak runoff occurred on 6 May, in the middle
of the two-week period mentioned above, and
again on 18 May, hourly maximum flows being
approximately 200 cubic feet per second on both
days. There were five periods of fairly uniform
runoff-temperature hehavior, clearly separated
from each other. In the first period, temperature
had little effect, this being before the melt season;
in the second, the ratio was low and fluctuating;
in the third, which lasted a month, and included
the two peak flows, the ratio was very uniform
and the two variables had a highly significant cor-
relation. In the fourth period, the ratio was
erratic, apparently disrupted by the storms of
late May; in the fifth, stream flow receded inde-
pendently of air temperature, In early perxods
the ratio depended on condition of the snow, in
late ones on its area.

The toll of water taken by evapo- transpxratxon
mostly during summer, was about 12 inches.
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Fie. 2. Woeather and stream flow on 5 May 1946
Hourly values of meteorologic and hydrologic elements
at headquarters station, Central Sierra Snow Laboratory.
a) Incident shortwave radiation from sun and sky, in
gram-calorics per square centimeter and minute {meas-
ured on a horizontal surface). Total for the day 718 cal
cm?. b)) Air temperature at 4 ft, in °F. Site is 2 small
clearing in open lodgepole-pine forest and the snow had
just disappeared* ¢) Air temperature at 51 ft, in °TF,
above the tree canopy. o) Dewpoint at 4 ft, in °F. ¢)
Wind direction at 59 {t, with mountain-valley alternation.
) Wind speed at 57 ft, in miles per hour. g¢) Wind speed
at 8 ft, in miles per hour. %) Stream flow from melt on
preceding days, in cubic feet per second, Note scale is
logarithmic. ¢) Stream flow generated by melt on 5 May,
in cubic feet per second. Note lag behind peak insolation
and temperature.

* Snow still covered ground around the station, as well
as most of the basin (about 65%).
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THERMAL BALANCE ON AN ILLUSTRATIVE Dav

The individual hydrometeorological elements
can be brought together by considering their vari-
ation during one day of high melting, representing
the clear, warm weather of the spring, and by
computing an approximate balance of the heat-
transfer processes on this day. Ficure 2 presents
hourly values of various elements on 5 May. Be-
sides illustrating the lag of runoff after heat supply
{four to five hours), it also makes plain the inter-
mittent nature of the processes. Insolation is in-
terrupted completely once a day; wind shifts regu-
larly in direction and speed ; temperature and dew
point fall so low at night that the snow-surface
ternperature drops helow freezing and melt ceases.

TasLE 1 presents an approximate thermal budget
for this day, for snow-covered ground open to the
sky, to indicate the relative importance of various
modes of heat transfer to the snow pack.

It will be noted that during the melting hours
most of the heat supplied to the snow came directly
from solar radiation, which exceeded by a large

TaBLE 1. THERMAL BUDGET OVER THE Swow Pack
5 May 1946

Heat transfer in calories per square centimeter

Day Night
(10 brs.} | {14 hrs) Total

1. Short-wave radiation +430 0} 430
2. Long-wave radiation —140 | —180 | —320
3. Convection and condensation | +110 { 4+ 80 | +190
4. Carry-over from day to night] —100 { +-100 0
5. Melt - 300 0] —300

Assumptions and Computations

Line t. Albedo was taken as 0.40 from data of the
preceding three weeks; incident radiation was measured as
718 calories per square centimeter.

Line 2. Long-wave radiation was calculated by the
formufas of Angstrém and Brunt {2], assuming snow-
surface temperature as 32°F during the 10 hours of direct
sunlight on the snow, and as an average of 14°F during the
14 hours of twilight and darkness.

Line 3. Convection and condensation were residuals
and were not computed from turbulence considerations.
The values agree generally with computations made by
Sverdrup's formulas.

Line 4. Carry-over of heat in the snow pack from day
to night, chiefly as re-frozen meltwater, was estimated from
crust thicknesses observed to be about four inches con-
taining about half an inch of re-frozen water. This repre-
sents a loss of heat during the day, and a source of heat at
night {from freezing of previously melted water) to help
supply the long-wave drain.

Line 5. Net melt was estimated {rom measured outflow
of 210 acre-feet attributable to melting on 5 May. As-
suming no net change in liquid water storage in the snow or
soil, and contributing area as 65%.of the basin, a value of
melt of 1.5 inches was obtained.
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margin the net gain, by convection and condensa-
tion, from the overlying air itself. Some of this
heat is derived from adjacent bare ground, where
as much as 300 calories/sq cm per day, from insola-
tion, goes to heat the air, and from sunlit foliage as
discussed in the fourth section above. The major
part of the heat absorbed by the snow is used for
melting, but some is lost as long-wave radiation
(line 2). Under the forest, long-wave radiation
probably represents a net gain of heat during the
day instead of a loss; again it derives largely from
sun-heated foliage. At night the drain of heat to
the cloudless sky is made up from re-freezing of
some of the previous day’s meltwater and from
heat in the air over the snow. The importance of
insolation, either directly or indirectly, on the
snow or on its environment, was very large in
every positive item in TasLe 1.*

CoNCLUSION

The role of solar radiation in the various proc-
esses involved in lquefaction of a mountain snow
pack in spring has been discussed irom observations
in the Sierra Nevada. Further study of these
processes is anticipated.

* Recent studies of snow melt by a hydrologic approach,
in reconstructing hourly flows in Castle Creek, tend to
confirm the relative values of various heat-flow processes
reached by the meteorologic appreach described above [61.
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