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STATEMENT:

The value of forecasts of the volume of the spring
season's water-yield is well recognized. Efficient and
intelligent management of the annual resources of water
for irrigation, electrical energy generation, flood control,
navigation, fish and wildlife, recreaztion, and for industriszl

and urban use is founded upon sezsonal water-yield forecasts.

The Problem,--

Water utilization in the Upper Snske River in
Idaho-Wyoming has reached almost the ultimste. There is,
moreover, an ever-growing need for flood control. As it is
not possible to satisfy exclusively each interest by so-called
"inviolate" storzge alloczstion, the Jjustification of the
Pzliszsdes Dam rests upon the derivation of an acceptable
method of seasonzl weter-yield forecasting on the basis of
which reservoir sllocations and operatim schedules can be
selected for each irrigation and flood controllseason in the
light of forecasted total flows. ' 82 m 9 3 n dezsls

e 0-00-004
with the development of an improved metnoa oI sezsonsl water-

yield forecasting for the Upper Snake River in Idaho-Wyoming.
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Delimitztion.--

This investigation is limited to the Upper
Sneke River in Idaho-Wyoming above Heise, Idaho, which is
very near to the site of the proposed Pslissdes Dam. It
is limited to methods of foreczsting based upon snow surveys,
as the Upper Snake River is z distinctly snowfed stream.
It, 2lso, is limited to forecasting of total flows for a
forecast period; it does not deal with rate-of-runoff fore-
cests. The Snske River drazinage basin is treated in two
subdivisions. The term: "Snske River azbove Jzckson Lzke,
Wyoming," refers to that portion of the dresinsge basin
which flows into Jackson Lzke; seasonal water volumes,
expressed in acre-feet, have been corrected for changes
in storage et Jackson Lske, and express, therefore, the
yield from the melting of the adcumulated winter season's
precipitetion. The term: "Jackson Leke, Wyoming, to Heise,
Idaho" refers to that part of the drainage basin above Heise,
Idaho (but exclusive of the dresinsge ares above Jackson
Lake). The runoff totals given for this psrt of the Snake
River dresinsge basin do not include the water yield of the

Jackson Leke draimasge besin.

Definition of Terms:--

Seasonal water yield is definéd as the volume of
water expressed in acre-feet which is measured at a definite
point along a stream chamnel, for a selected time interval,
such 2s Rpril to July, inclusive.

A water year is the year beginning with October 1

and ending with September 30 of the following calendar year.
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Because of the sezsonal nature of precipitation in the
West, thetwater year is tsken a2s the natural sequence of
the autumn and winter season's precipitation followed by
the spring season's runoff and the spring and summer
irn gation usage.

Snow water equivalent, expressed in inches of water,
refers to the water equivalent of the snow 2znd ice crystals
and any cgpillary weter which might be retdned in the snow
mass. The term: water content, on the other hand, refers
only to the liquid water which may be held in the inter-
stices of the snow znd ice crystals. Snow water equivalents

are used throughout this thesis.

Altitudinal Adjustments:--

One of the basic physiographic characteristics of
a watershed is that of the range of elevations above sea
level a2nd of the distribution of fractions of the total
area at various elevations. This chargcteristic of g water-
shed exerts profound effects upon the meteorology and
hydrology of the watershed. The idea of elevation-weighting
of snow courses is based upon the common observation that
the amount of snow accumulation increases with altitude.
This is mainly a result of twé climatological processes.
First, preeipitation tends to g£211 as snow at the higher
altitudes because of the coding effect on air masses of
uplifts imduced by mountain ranges. This cooling process
is known as the orographic effect. Second, the lower air
temperatures prevailing at higher eltitudes tend to

preserve the snow blanket until spring. It is recognized
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that the depth of snowfall gnd of snow accumul&tion is
influenced by factors other than elevation; Anmong these
are differences in precipitation caused by geographic
size of the drainage basin, by local orographic and
barrier effects and by preveiling storm paths. Also, the
accunulation of snow on the ground at given points may
be influenced considersbly by prexalence and type of
forest growth.

The method of elevation-weighting of snow survey data
presented in this thesis introduces into the forecast
computation one of the most individualistic and important
watershed characteristics affecting seasonal water yield.
Until an exhaustive study has been made of the interaction
of all of the various factors affecting the accuracy of g
seasonal water yield forecast, it will not be known which
of the factors or what combination of them may produce the
best results. Such an exhaustive study cannot be made for
most drainage basins, either because of non-existence of
data, or because of the shortness of recorés. On the other
hand, the topography of drainage basins can be ascertained
from maps of the Civil Aeronautics Administration, even
for areas not mapped by any other agency, either

governmental or private.



(5)
METHODS AND METERIALS:

Sources_of the Basic Data:--

Materials used in this investigation .
consisted of snow surveys, runoff records, and maps of the dr-
ainage basins. Geological Survey topographic sheets, State maps,
and Forest Service maps were consulted, but , for the most part
the maps used were those prepared as Aeronautical Charts by
the Civil Aeronguties Administration, as these maps show
thousand-foot contours for portions of the drainage basin not
otherwise topographiczslly mapped. Nine snow courses, the surveys
of which began in 1919, were used for the drzinage basin above
Jackson Lake; fifteen snow courses, the surveys of which began
in 1936 with one exception, were used for the drainage basin
between Jackson Lgke and Heise. The following runoff snd lake
level records were used: Snake River at Moran, Wyoming, drain-
age area 816 square miles, records beginning in September 1903;
Jackson Lake at loran, Wyoming, records begining with July
1908 (1908-1910 frsgmentary); Snake River near Heise, Idaho
records begin September, 1019, end are complete except for tane
winters of 1914 to 1924, inclusive, drainage ares is 5,740
square miles.

This study is based upon published and publicly aWailzble
records. For this resson there is no tabulation of the raw data

included with this presentation.

Prepasretion of Dats for Anelybis:--

The ihitial step consisted
of the tabulstion of the records of 21l snow courses used

for each year of record. Averages were calculsted for each
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snow course for each of the two drainsge basins used in this
investigetion. Arithmetic averages of snow water equivelents

for 211 snow courses for each year for eazch drainsge bssin were
also calculeted. Similerly, runoff records were secured from
Water Supply Papers, together with information zbout the changes
in content of Jackson Leke for each snow-melt sezson. Runoff
records of the Snake River at lMorap Wyoming, were corrected

for changes in storzge at Jackson Lske to produce computed
volumes of water-yield from the drazinage basin sbove Jackson

Lake.

The Blevation-weighting Procedure:--

This method of elevation-
weighting of snow course data differs from others in that it
introduces into the forecasting computation the use of individ-
ual snow courses only to establish the curve of snow storage
on & watershed in reletion to elevation. Water equivalent values
are derived from the curves plotted fow esch forecast date for
each year of record and used in connection with ereg=eclevation
distribution fractions to compute the elevation-weighted
snow-water equiVaient for the drainage besin. This use of snow
survey data takes into account portions of the drainage basin
not ssmpled by snow surveys. It provides for the extrapolation
of snow storage curves into higher elevations of o drainage
basin which have not been sampled by snow surveys, or which are
so remote or inaccesszble &s to render surveying of courses

impf%tical.
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SUMVARY :

A method is presented for seasonal water-ybeld forecast
derivation bzsed upon snow survey dats. The method tszkes into
account snow water equivalent by szres-elevation zones, and
interpolates derived snow-water eguivslents for higher gltit-
udes gnd for other portions of g watershed not zctually sampled
by snow courses. The seasonal water yield forecast derived by
this method for the Upper Snske River in Wyoming, above Jackson
Lzke reservoir, has a correlation coefficient r of 0.824
110.066, wheregas the arithmetic-averzge-of-snow-courses based
forecast has a correlation coefficient r of 0.760 X 0.086 .
This increase .in the numerical value of the correlation
coefficient r and reduction in the nugerical value of the
stenderd deviation expresses the improvement sttained in the
snow-survey bazsed forecast for Jakkson Lske through the

application of the elevation-weighting procedure.

The thesis consists of the text, two illustrations, eleven

tables, a2nd thirteen figures.
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ILLUSTRATIONS

The reproduction in golor

The Grand Tetons in Wyoming, as seen across
Jackson Lake, a printing-press reproduction of a
natural color photograph taken by an unknown
photographer. This reproduction depicts the rugged
character of a part of the drainage basin of the Upper
Snake River and shows, in general terms, an area-
elevation distribution discussed in detail in the thesis.

The black and white drawing
Artist M. H. Willson'a conseption of the

Palisades Dam, now anthorigzed for constrnoction on the
Upper Snake River near Helse, Idaho. This dam is to be
of zoned~earth construction. Its height is to be

260 feet above the stream-bed, It will contaln
10,500,000 cublc yards of earth and 2,000,000 cubls
yerds of rocke It wlll be the largest earth dam ever
bullt by the Bureau of Reclamation, although it will not
be as large as Fort Peck Dam in MNontana, which was built
by the Corps of Engineers, The power plant 1s being
designed for an ultimate capacity of 54,000-kw. The
forecast derivation method which 18 the subject of this
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thesls was performed to ascertain the possibilities of
multiple~purpose operation of Palisades Dam on forecast
basis.






PALISADES DAM
AND POWERPLAN
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Chapter I
INTRODUCTION

The value of forecasts of the volume of the
spring season's water-yleld is well recognized,
Efficient and intelligent management of the annual
water resources for irrigation, electrical energy
generation, flood eontrol, navigation, fish and wild-
life, resreation and for industrial and urban use is
founded upon seasonal water-yield forecasts.

The problem
Water utilization in the Upper Snake River
in Idsho-Wyoming has reached almost the ultimate. There
is, moreover, an ever-growing need for flood control.
Since 1t is not possible to satisfy exclusively each
interest by so-called "inviolate" storage alloeation,
the justification of the Palisades Dam rests upon the
derivation of an acceptable method of seasonal water-
yield forecasting on the basis of whish reservoir
allocations and operation schedules can be selected
for each irrigation and flood control season in the
light of foreoasted total flows., This specific pro-
blem deals with the development of an improved method



of seasonal water-yleld forecasting for the Upper
Snake River in Idaho-¥Wyoming.

Delimitation

This investigation 1s limited to the Upper
Snake River in Idaho-Wyoming above Helse, Idaho, which
is very near the site of the proposed Palisasdes Dam.
It 18 limited to methods of forecasting based upon
snow surveys, as the Upper Snake River is a distinctly
snow-fed Streams 1It, also, is limited to forecasting
of total flows for a forecast period; it does not deal
with rete~of-runoff forecasts. The Snake River drain-
age basin, as shown in Figure 1, is considered to de
in two subdivisions. The term: "Snake River above
Jaokson Lake, Wyoming," refers to that portion of the
drainage basin which flows into Jackson Lake; seasonal
water volume, expressed in acre-feet, have been
corrected for changes in storage at Jacksen lLake, and
express, therefore the yleld from the melting of the
acoumula ted winter season's precipitation:. The term:
"Jackson Lake, Wyoming to Helse, Idaho" refers to that
part of the dralnage basin abbve Heise, Idaho, (but
exclusive of the drainage area above Jackson Lake),
The runoff totals given for this part of the Snake
River drainage basin do not ineclude the water yleld of
the Jacksoh Lake drainage basin,



LOCATION OF SNOW COURSES IN SNAKE RIVER DRAINAGE BASIN ABOVE HEISE, IDAHD
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FIG. l.~Location of snow courses In Snake River dralnage basin above Helse, Idsho.
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Definition of terms

Seasonal water yleld is defined as the
volume of water expressed in aore-feet which 1is
measured at a definite point along a stream chanrel,
for a seleoted time interval, such as April to July,
inclusive,

A water yesr is the yeer bheginning with
October 1 and ending with September 30 of the follow-
ing oalendar yeer, Because of the seasonsl nature of
precipitation in most of the West, the weter year is
teken as the naturel sequence of the autwrm and winter
gseasons' precipitation followed by the spring sesson's
runoff and the spring and summer irrigation usage.

Snow-water equivalent, expressed in inches
of water, refers to the water equivelent of the snow
and ice eorystals and any capillary water which might
be retained in the snow mass. The term, water content,
on the other hand, refers enly to the liquid weter
which may be helé in the interstices of the snow and
1ce crystals. Snow-water equivelents are used through-
out this thesis.
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Chapter IT
REVIEW OF THE LITERATURE

Development of snow survey systems

It is not known exactly when the first snow-
water equivalent determination was made, The earliest
reference to such & determination found in the liter-
ature to date 1s glven by Horton (28), in which he
mentions Prussian research (17) dealing with snow-
water equivalents beginning on January l, 1806, and
extending to March 23, 1900, Although the original
reference is given in the Bibliography, it was not seen
in the course of this investigation.

The first reference to snow-water equivalent
determination in the United States is given by Mixer
(34), who made & snow survey in the Androscoggin River
Basin in Maine on March 17, 1900. Horton (23) measured
the water equivalent of snow on the ground at Utlica,
New York, in 1903 and 1904, using a eylindrical snow
sampler which he devised for the purpese. Church
evolved a snow sampler adapted to the taking of
samples of deep snows about 1909, and embarked upon
systematic snow surveying in the Lake Tahoe drainage
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basin, in Nevada and Callifornia at the request of the
Sierra Pacifiec Power Company. Hecords of the Mount Rose,
Nevada, snow course begin in 1910, J. Gcoi;_kltcr like~
wise invented a snow sempler and made determinations of
snow-water equivelents in the Wassctch Mountains near
Salt Lake City, Utah, about 1910.

The suthor discussed the subjeoct of prior
development of snow surveying with Robert E, Horton,
Jemes E, Church, and J, Gecll Alter during the Central
Snow Conference of December 11, 1941, at the Michigan
State College at East Lensing, Miechigan. It developed
at that time that each of these men had proseeded with
snow-water equivalent determinations without knowing of
parallel efforts of the others. It was agreed that,
insofar as the United States 1s concerned, the sredit
for initistion of snow surveying belongs te
Charles A, Mixer.

The "snow-stake",--
At the time pioneering developments were

under way with reference to snow surveying, the United
States Weather Bureau and the Unlted States Forest
Service were cooperating in a project for securing
observations of the depth of snow on the ground at so-
called "snow-stakes"”. Nonthly climatologloal data
bulletins (1) of that period for the Western states



contain the reocords of the snow-stake observations,

As records acoumlated, it became evident that snow
depths 414 not provide the required information about
the winter's precipitation and the system was abandoned.

Development of forecast methods
With the realigzation of the importansce of

snow-water equivalent determination, the indicativeness

of a series of snow uupiu required consideration. In
the early days; verious diameters and types of snew
sampling tubes were used. There was at thet time little
standardisation of snow course layouts. With expensions
of systems 1t became evident that more precise proce-
dures were necessary., Connaughton (13) reported wpon a
study of the number of samples whioch should be talton’
along & snow course in order to measure the snow-water
equivalent of the course within ten percent. His study
showed that, for the Berthoud Pass, Colorado, snow
course as of 1937, 23 snow samples were required., At
that time, actually, 21 samples were being taken.

About 1933, the staking-out of snow course
lines was begun, In the early days, a snow surveyor
went into the mountains and, upon reaching s certain
locality, took a number of samples, Too much was left
to the decision of the surveyor. This system was
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suspected of introducing errors into forecast
sorrelations, since no two surveyors sampled the same
area. At present, snow courses are surveyed and
mapped, and the ends of the lines of samples are wite~
nessed by metal or masonite shields affixed to trees
or posts, Detailed specifications for the taking of
samples, for example, at 50-foot intervals along a
line, remove the personal element. All of the snow
courses now reporting to the senters of the Federal-
State Cooperative Snow Survey Systems, coordinated by
the Division of Irrigation of the Soil Conservation
Service, are elther staked out, or are scheduled for
early steking and mapping.

The ascuracy of samples of snow as taken by
samplers of different diameters was subjected to con-
siderable study. Some of the early samplers took
cores eight inches in diameter. Goodell and Roberts
(22) reported in 1941 upon their tests of snow sampling
tubes of large and small diameters. Their statistiocal
analyses disclosed that the standard 1,485 inches
inside~diameter tube was just as asccurate as larger
tubes, and much more practical for snow surveying in
the mountains.

The forecasting of seasonal water yleld is
acocomplished by asoertaining the extent and trend of
correlation between snow-water equivalent, usually
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plotted along the x-axis, and measured seasonal water
yield, usually plotted along the y-sxis, for all
previous years of record., An actual forecast is then
made by determining, from the trends established by
previous years' records, what seasonal water yileld would
correlate with the snow-water equivalent as measured at
the date of the forecast.

As each watershed possesses individual
sharacteristics, the literature of the development of
seasonal water yleld forecasting based upon snow sur-
veys consists for the most part of reports of various
investigators who have used certaln methods of caloul-
ating the correlation of certain combinations of
selected factors for specifie watersheds. An excellent
treatment of the subject 1s given by Church (11).
Detailed reports upon experiences wiih seasonal water
yield forescasting in eertain watersheds are to be found
in many of the publications listed in the bibliography.

Altitudinal adjustments
One of the basic physiographie sharacter-

tstios of a watershed is that of the renge of elevations
above sea level and of the distribution of fractions of
the total ares at various elevations. This
characteristic of a watershed exerts profound effects
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upon the meteorology and hydrology of the watershed, as
will be discussed in Chapter III, Work, in discussing
the factors which may account for failures of the
forecasted yield to agree closely with the measured
volumes, states:

(F) Relatively greater or lesser snowfall

at other watershed-levels than reflected by

a high or low elevation snow-course alonee-

Relatively less snowfall at lower levels

occurs in warm winters and relatively greater

snowfall at lower levels occurs in cold

winters., Therefore, snow-distribution accord=-

ing to elevations of watershed is not always

comparable from year to year, (45:127)

Various efforts have been made to introduce
into a forecast computation the elevation characteristic
of a watershed,

Church (11:107) applied altitudinal zoning to
the Lake Tahoe snow courses, He divided the basin into
1000=-foot classes and derived areas for each class.

One or more snow courses were placed in each class.
Church then divided the Lake Tahoe basin into four
divisions: above 7000 feet east side, below 7000 feet
east side, and similarly for the west side. OSnow
surveys in these four subdivisions were weighted
according to the fraction of the total area in square
miles found in each subdivision.

Bean and Thomas (5) subdivided the

Androscozgin River basin into elevation classes and



computed snow storsge on the watershed by spplying to
snow courses located within certain altitudinal ranges
a percentage~of-area factor. -

Salo (43), working in the Merrimac River Basin,
somputed ares-elevation distribution curves. From these
he derived the altitude of mean elevation for each
elevation zone. Ee assumed that the snow at that
altitude would be fhe mean for that zone. Show surveys
were talken at the mean elevation points. The method was
well suited to the drainage basin and to the operatfonal
problems, since all courses were ascessible from high-
ways or cable cars. This excellent access made 1t
possible to perform surveys at woekly intervals or
oftener 1f desired.

The method of elevation-welghting snow survey
data presented in this thesis introduces into the fore-
cast computation one of the most individualistic and
important watershed characteristics affeoting seasonal
water yield, The significansce of this approach will
become more evident after oconsideration is given to s
disoussion of the faotors affeoting seasonal water
yield. This oconcept of elevation-weighting of snow
survey data was used in conmnection with the analysis of
one of the great floods of the Clinch River, on which
the Norris Dam 1s located in Tennessee (21).



Chapter ITI
FACTORS AFFECTING SEASONAL WATER YIELD

Introduction
The controlling consideration in planning a

forecasting organization is the value of the water.
There 1s no point in setting up a superbly asccurate
forecasting procedure mersly as an intellectual attain-
ment. Present demsnds or the possibility of future
developmenta must Justify the expense of seouring the
basic data and maintaining a forecasting organization.
At the prosont}timo, snow survey networks and
forecasting organizations heve attaiied the ultimate
Justifiable development in very few drainsge basins,
This may appear somewhat surprising in view of the
current interest in water rescurces development. The
somewhat primitive state of development of the art and
gcience of water yleld forecasting is duwe, in part, to
the inherent intricacles of the intersctions of
hydrologic and meteorologic phenomena.

Meteorologle factors
Snow falls as a result of the funotioning of
certain well-established physical meteorclogic processes.
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The melting of snow and the relesse of runcff waters
are, likewise, physical processes. However, when the
melting of snow takes plece upon a natural drainage basin,
vory intriceste intereotions of meteorologic and hydro-
logle processes oscur, which will be considered more or
less btogether in the remainder of this chapter., A
separate oonsideration might nﬁt bring out the inter-
action of the melting processges with further complica-
tions introduced by the wetershed charscteristies.

The weetern states are subjected to & climate
having in generel, a more oy less definite sensonal
distribution of preciplitation. By far the greater part
of the precipitation, with some exceptions, falls in the
winter months as snow, although significant volumes of
runoff may result directly or indireetly from fell and
spring rains., The forecaster's problem consists
essentlally of interpreting the significance of observed
precipitation in terms of the future runoff as measured
at some speeific point along the stream channel.

An initiel step in the computetion of the
forecast 18 that of evaluating the precipitation in
termeg of the drainege basin, The United States Weather
Buresu, for some time, has published resords of
precipitation, both rain and snow, as measured by a
standard 8-inch diameter gage and, more recently, it has
published records from storage and intensity recording



27

gages. As most of suoh gages are tended by cooperators
in the immediate vieinity of their domiciles, the
pattarn of placement of almost all gages approximates
the ooocupled lend and road network pattern of the
country.

Because of the well<known operation of basie
meteorological prineiples which prodwces an inorease of
precipitation with inorease in altitude, raingages in
the valley rarely express précipitation in the mountains.
Inorease of precinitation with eltitude has been
commonly obaoriod in mountainous regions, Unless there
is 2 great difference in elevation, the inorease may be
#light and not readily noticeable. When the preoipita-
tion falles as snow, the inoresse of precipitation with
rise of elevation 1s strikingly evident. The actual
difference often may not be as great as 1t sppears.
This 1s due to increased opportunities for melting and
diseppesrence at lower sltitudes as compared with
perasistent low temperaturecs and preservetion of snow at
righ altitudes.

Watershed characteristios

The form in which precipitation falls, either
ag snow or as rain, @iffers greatly for various water-
sheds and differs from year to year for the same
wetorsheds., Watersheds exhiblt great individuality in
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their vegetal, soll mantle, geologle, groundwater and
drainege pattern characteristiocs.

For instance, the melting of low-altitude
snows may release waters which immediately depart from
the drainage basin as surface runoff in one watershed,
whereas similer melting in another watershed will be
detained in the drainage basin as réplenishment of soil
moisture deficiency, ground weter recharge, or bank
storage. Waters released by the snow melt in the one
watershed, will not participate in the spring season
runoff, while those released in the other will partici-
pate directly or indirectly.

The practiocablility of forecasting seasonal
water yield on the basis of precipitation recsords alone
has been suscessfully demonstrated for some watersheds
having ocertain characteristics, This has taken place
because of the recent application af advanced
statistical analysis techniques which are now possible
because of adequate lengths of records. There is little
doubt that, for some watersheds, a superior seasonal
forecast can be saloulated using precipitation records
alone.

Where differences of elevation between valley
precipitation stations and headwaters areas in the
mountains are great, the records of the valley stations
do not represent preoipitation catochment in the
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headwatera, TFurthermore, the standdard 8-inch gage 1is
incapable of evaluating with any degree of consistency
the water equivalent of snowfall. O0ld Weather Bureau
records of snow-water equivalent are usually misleading
because of the unfortunate general application of a
uniform 10 percent density for snow at the time of fall,
Instructions for Cooperative Observers, Ciroulars B and
C of the Weather Buresu state:

When the water equivalent cannct be determined
ageurately by melting, as given in gtragrtphm

41-43, inclusive, as a last resort take one-

tenth the average measured depth of the snow-

fall on a level, open place as the water

equivalent of the snowfall; for example, 10

inches of snow eguals 1 inch of melted snow

or water., (3:23
Modern techniques of seasonal forecast computations for
such areas, based on precipitation alene, have not been
in use long enough to acquire a performance record.
Acoumalation of records by shielded seasonal-storage
precipitation gages, from Iinstallations in the head-
waters areas, especlally where most of the winter
precipitation falls as snow, may be necessary before
ultimate sgouracy can be expeoted of precipitation-based

forecasta,

Hydrologic factors
All of the winter season's precipitation

sannot be expected to appear as runoff in the spring.
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There will be, no doubt, a soll moisture deficiensy
resulting from evapo-transpiration losses of the
preceding dry season. This must be satisfled before
the soil will release much water either to the ground
water systems or as surface runoff,

Oroundwater and bank storage deficiencies alseo
mst be satisfied before an appreciable volume of
surface runoff can be releassed. It is evident, there-
fore, that only an estimate can be made of what fraction
of a winter season's precipitation, as measured by
gages, 1s left in the spring to yleld runoff,

Snow 1s precipitation which rests, literally,
in cold storage. A snow blanket may be subjected to
melting at any time during the winter, especially at
lower altitudes and on south-facing slopes. Never-
ending recessions end advances of the snow line
commonly are observed in mountainous regions. Since
solls under a snow blanket rarely freeze, waters
released from mid-winter snow melt are astive in
replenishing molisture deficlencles.

Another faoctor affecting water yield is that
of evaporation loss sustained by precipitation during
the winter. A snow survey discloses the water
equivelent in inches depth of the snow at the time the
survey is performed, A survey made just prior to the

beginning of the snow melt season shows how much snow
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remaing avallable for produsing spring season runoff
after the snow has been subjected to sll the processes
tending to deplete snow storage. Therein lies the value
of snow surveying in relation to forecasting. Although
rate~of-runoff or peak-flow forecasting is not the
subject of this peper, 1t will be chserved, in passing,
that a2 knowledge of water equivalent in storage on a
érainage basin fs absolutely fundamental to any
technique of forecasting pesk rates of flood flow which

may result from snow melt,



Chapter IV
CONBIDERATIONS AFFECTING THE DERIVATION OF
A METHOD OF SEASONAL WATER YIELD FORECABSTING
Elevation in relation to snow-water-equivalent storage
The initial step in the ealoulestion of s
seasonal water-yleld forecast is that of evaluating the

water equivalent of the snow cover on the watershed,

The 1des of elevation-weighting of snow courses is
based upon the common observation that the amount of
snow accumlation increases with sltitude. This is
mainly a result of two climatologioal processes. First,
precipltation tends to fall as snow at the higher
altitudes because of the cooling effect on air masses
of uplifts induced by mountain ranges. This cooling
prosess is known as the orographic effect. Seocond,
lower air temperatures prevailing at higher altitudes
tend to preserve the snow blanket until spring, It is
recogniged that the depth of snowfall and of snow
scourrulation is Influenced by factors other than -
elevation. Among these are differences in precipitation
caused by geographio size of the drainage basin, by
local orographic and barrier effects and by prevailing
storm paths., Also, the sceumlation of snow on the
ground at given points may be influenced oonsiderably
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by prevalence and type of forest growth.

Intensiveness of snow sampling

The modern technique of snow course surveying
consists of taking about 20 cores with a 1,485-inch
dismeter ssmpler along a designated course. This
amounts to a total area of sampled snow of 0,464 square
feet per snow course. |

The drainage basin above Jackson Lake, Wyoming,
is smong the more intensively snow-sampled watersheds of
the West. It has one course for each 90 sguare miles,
On the assumption of 20 cores per course, there is a
ratio of sampled area to total area of one to five and
three quarters billions. There are watersheds of
national importance within which snow sampling 1s less
than one-tenth as intensive as 1t is in the Jackson Lake
Basin,

Taking into sccount the sampling ratio of one
to five and three gquarters billions for the Jackson Lake
drainage basin, 1t becomes evident that snow survey
a:ﬁtm at present are merely general indices rather
than valid statistical samples of snow water equivalent
on the watersheds. In view of the minute frastion of a
watershed area which 1s actually sampled, end taking
into ascount watershed resotions and climatologiocal
hazards, it may be surprising that snow surveys have
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proven at all indicative,

The securacy of seasonal water-yield forecasts
might be improved by refining methods of interpretations
of snow course data.

Effect of elevation upon forecasting

The study of a method of derivation of the
foreoast oconsists essentially of a search for a strong
correlation between snow-surveyed water equivalent of
the asowmulated winter season's presipitation, or of
observed preoipitation in raingages, and the seasonal
water yleld. Simple graphic correlations seldom
suffice, since & snow course measurement is ordinerily
an index of water equivalent in storage, rather than a
statistically valid sample of the snow field in the
mountains,

The elevation-weighting procedure presented
in this theais introduces into the foresast computation
one of the most fundamental characteristics of a drain-
age basin. Until an exhaustive study has been performed
of the intersotion of all of the various factors affect-
ing the sscuracy of a seasonal water yleld foresast, it
will not be known which of these facjors or what
sombination of them produce the best results. Such an
oxhaustive study cennot be made for most drainage basins
either besause of non-existence of data, or because of



35

the shortness of records. On the other hand, the
topography of drainage basins can dbe ascertained from
maps of the Civil Aeronasutios Administration, even for
areas not mapped by any other agenoy, either governmental
or private,
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Chapter V
MATERIALS A¥D METIODS

Sources of the basic data

Materiasls used in this investigation consisted
of snow survey data (18), runoff records (44), and
maps of the drainage basins, Geologlcal Survey
topographic sheets, state msps and Forest Service maps
were consulted, but, for the most part the maps used
were those prepared as Aeronautical Charts by the Civil
Aeronautics Administiration, as these maps show
thousand-foot contours for portions of the drainage
basins not otherwise topographically mapped.

The following snow courses were used:
Above Jackson Lake:

Year record
Number  Neme of Course began
1. Arizona Station, Wyoming 1019
2« Aster Creek, Wyoming 1019
B. Coulter Creek, wyo. 1919
6. 0Glade Creek, Wyo,. 1819
7. Huckleberry Divide, Wyo. 1010
9« Lewis Lake Divide, ¥Wyo. 1919
10. Moran, Wyoming 1919
11, Moran Bay, Wyoming 1019

13. Snake River Station, Wyo. 1919



Jackson Lake, Wyoming to Heise, Idaho:

Number

lame of Course

Afton Ranger Station,Wyo.
’:hckrg;l:% Wgo.

ryan s WJO.
C.C.C.Camp FFl2, Wyo.
Cottonwood Lake, Wyo.
Deadman Ranch, Wyo.
East Rim mvide, Wyo.
Four Mille Meadows, Wyo.
Greys Boundu.rg Wyo.
Grover Park Divide, Wyo.
Teton Pass Nos 1, Wyo.
gaton;u; No. go Wyo.

otee ass, Wyo.

Yollowjacket, Wyo.

Year record
began

1936
1036

1936

The logsation of all snow courses used 1s shown in

Flgure 1.

Runoff records were from three stations

reported in the Geological Survey's series of Water
Supply Papers entitled: "Surface Water Supply of the
Snake River Basin" reference (44):

Jackson Lake at Moran, Wyoming.

Records are

available beginning with July, 1908. Records
through 1010 are fragmentary.

available beginning with September 1903.
Drainage area is 816 square miles.

Snake River near Helse, Idaho.
available veginning with September, 1910,
except for the winters of 1914 to 19024,

Records are
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inclusive. DUrainage area is 5,740 square
miles.
This study is based upon published and
publicly available records, For this reason there is
ne tabulation of raw data in the Appendix.

Preparation of data for analysis
The initial ster consisted of the tabulation

of the records of all snow courses for each year of
record, Averages were calculated for each snow course
for eaoch of the two drainage basins used in this
investigation. Arithmetic averages of snow-water
equivalents for all snow courses for essh year for easch
drainage basin were also calouleted. Similarly runoff
records were secured from Water Supply Papers, together
with information about the changes in content of
Jackson Lake for each snow-melt season. Runoff records
of the Snake River at Moran, Wyoming, were corrected for
shanges in storage at Jackson Lake to produse computed
volumes of water-yield from the drainage basin above
Jackson Lalke.

The adjustment of runoff records for changes
in storage in Jackson Lake 1s 1llustrated on the
following page. An example of the correction as applied
to the data for the 1940 snow melt season follows:
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1940 Runoff, Snake Changes in Corrected in-
River at gontent of flow to
Moran, Wyo. Jackson Lake Jackson Lake
during month
{Volumes in Acre-feet)
April 2,980 + 45,750 48,740
May 7,210 + £57,330 264,540
June 160,900 + 44,470 205,370
July 369,600 — 296,260 73,340

April to July, inclusive, inflow to Jaokson Lake: 591,990

The elevation-welghting progedure
This method of elevation-welighting of snow

course data differs from others in that it introduces
into the forecasting computation the use of snow courses
only to establish the ourve of snow storage on a water-
shed in relation to elevation. Water equivelent values
are derived from the ocurves plotted for each forecast
date for each year of record and used in connection with
area~elevation distribution fractions to compute the
elevation-waighted snow-water equivalent for the
drainage basin. This use of snow survey data takes into
acoount portions of the drainage basin not sampled by
snow surveys. It provides for the extrapolation of snow
storage curves into higher elevations of a drainage
basin which have not been sampled by snow surveys, or
;hibh are so remote or inscoessable as to render
surveying of courses impractical.

Figure 2 shows the average water equivalent
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of snow courses as of April 1 in the Snake River
drainage basin between Jaockson Lake and Heise, for the
period of record, The locatlon of all snow courses
used is shown on Figure 1, Figure 3 shows the
distridution of the average water esquivalent of the
snow courses in the drainage basin above Jackson Lake
~in relation to elevation, Definite trends of inorease
of snow-water equivalent with elevation are evident,

Since Jackson Lake drainage basin is within
the Snake River basin above Heise, all snow courses
within the watershed sbove Heise were used in
calculating the snow water equivalent for the water-
shed below Jackson Lake and above Heise. Only the
snow courses above Jackson Lake were used for the
computations for the Jackson lake drainage basin.

In order to reduce the work of forecast
derivation, charts similar to Figures 2 and 3 were not
plotted using individual snow courses for each
drainage basin for easch forecest date for each year of
record. Instead, snow courses were grouped according
to elevation zones and average snow-watér equivelents
and elevations computed for each group of snow courses,
for each yeer and forecast date. Separate curves were
then drawn as positioned by the locations of the
average-snow average-elevation points. Figure 4 shows
the line for the watershed above Jackson Lake as
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located by two points, and the curve for the watershed
between Jackson Lake and Heise as located by three points.

The Jackson Lake snow courses were averaged in
two classes: under 7000 feet, and over 7000 feet. An
example of this computation is given in Table 1. Snow
courses between Jaokson Lake and Helse were averaged in
three classes: under 6500 feet; 6500 to 8250 feet; and
over 8850 feet. It was noticed that all of the courses
above Jackson Lake fell imto the 6500-to-8250 ohuuon.
class. To simplify caloulations, totals of elevations
and of snow-water equivalents which were summed up for
the Jackson Lake caloulation, were transferred without
~deriving the average from their work sheet, Table 1, to
Table 2, The latter table is an example of the average
point calculation for the Snake River between Jackson
Lake and Helse.

Average points caloulated in Tables 1 and 2
were plotted as shown in Figure 4. Curved lines were
drawn through the three points plotted for the Snake
River between Jackson Lake and Heise. It was observed
that for some years the curves were concave, for others,
convex. In the absence of any high-altitude ocourses
sbove Jackson Lake, there was no guide point to help
locate the upper part of the ourve to show whether it
should be concave or convex. Under the scircumstances,

a straight line was drawn through the two average points



Teble l.--MARCH 1 SNOW SURVEY

SNAKE RIVER ABOVE JACKSON LAKE

Under 7000 Feet

TElevation “Water Equivalent, lnches

Noe. Snow Course Feet 1945 1944 1943
1l Arizona 6850 12.5 6.5 25.5
10 Moran 6800 9.2 4,0 17 .3
11 Moran Bay 6800 12,3 8.6 331
13 Sneke River Station 6780 15.2 79 28.8
Sub-total 27,230 49,2 27 .0 104.7

Mean 6,808 12.3 6.8 26.2

Over 7000 Feet

Flevation “Water Fquivaelent, Inches

No. Snow Course e Feet 1945 1944 1943
2 Aster Creek 7700 16.4 11.6 46.4
5 Coulter Creek 7600 16.4 9.6 337
6 Glade Creek 7200 16.6 8.4 31l.8
7 Huckleberry Divide 7300 13.7 8.1 27.3
] Lewis Lake Divide 7900 26,0 16.2 55.4
‘ Sub=-total 37,700 89.1 53,9 194.6
Mean 7,540 17 .8 10,8 3849

Totals for all nine courses
listed sbove. 64,930 138.3 80.9 299.3

v



Teble 2.~--MARCH 1 SNOW SURVEY

SNAKE RIVER BETWEEN JACKSON LAKE AND HEISE

Under 6500 Feet

Elevation “Water kquivalent, Inches
No. Snow (Course Feet 1945 19044 1943
1l Afton Ranger Station 6200 4.7 3.2 5.5
3 Bryen Flat 6250 7.7 3.2 17 .4
9 Greys Boundary 5800 9.1 4.9 15.5
Sub=toteal 18,250 2l.5 11.3 38.4
Mean : 6,083 7.2 3.8 12.8
6500 to 8250 Feet
Jackson Lake# 64,930 138,3 80.9 209.3
4 CCC Camp 7,500 9.4 5.9 14,2
S Cottonwood Lake 7,500
6 Deadman Ranch 6,534 8.9 2.9 19.8
7 East Rim Divide 7,950 6.8 5.8 15.9
8 Four Mile Meadow 7,770
10 Grover's Park Divide 7,500 8.2 6.l 13.9
13 Turpin Meadow 6,930
14 Yellow Jacket 7,675 1.0 10,1
Sub=total - Elevations 94,414 102,089 102,089
Average Elevations 7,263 7,202 7,202
Sub-total Snowwater Equivalent 171.6 102.6 373.2
Average Snowwater Equivalent 13,2 7e3 26,7

#Trensposed sub-totals for 9 snow courses asbove Jackson Lake,

3] &



Table 2.--MARCH 1 SNOW SURVEY (CONTINUED)
SNAKE RIVER BETWEEN JACKSON LAKE AND HEISE

Over 8250
Flevation Water Equivalent, inches
NO. Snow Course Feet 1945 1944 1943
2 Blackrock 8,600
ll-a Teton Pass #1 8,500 18,6 12.0 42.4
11 Teton Pass #2 8,500 24.1
12 Togwotee Pass 9,600
Sub-total 42,7
Me an (8,500) 21 .4 12.0 42.4
Number of Courses 18 18 18
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for the drainage basin above Jackson Lake,

Flgure 5 shows the lines of snow-water
equivalent in relation to elevation for Jackson Lake
drainage basin for the years 1919 to 19048, inclusive,
On Figure 5, points at elevations 6808 and 7540 are
shown only on the lines for the years 1944 and 1927,
The slopes of the lines for all years on Figure 5 were
fixed by similarly plotted points, These points were
not indicated on the finished drawing, as it was doaircd
to retain clarity on the chart in the areas where the
lines for numerous years interseot,

Pigure 6 shows the curves of snow storage in
relation to elevation for the Snake River between
Jackson Lake and Helse, Curves on Figure 6 were
positioned by average points at elevations of about
6100, 7300 and 8800 as computed in Table 2.

Figure 7 shows the shapes of curves of snow
storage in relation to elevation for three forecast
dates; February, March and April, for the Snake River
between Jackson Lake and Heise. Curves are shown for
a low-volume water~ylelding year, 19040, and a large-
volume water-ylelding year, 1943.

Areas of the two dralnage basins by thousand-
foot ozivution gones were determined by planimeter.
Area~elevation distridbution relationships were computed.
Table 3 shows the percentage of watershed area by
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Table 3.--PERCENTAGE OF AREA BY ELEVATION CLASSES~=
SNAKE RIVER

Above Helse, Above Pallsades Above Jeackson
Idaho Damsite Leke, Wyoming

5740 8Q. mi, 5260 8qQ. mi, 8l6 8Q. mi,

Percentage of Total Area Dby ®levation Classes

Elevation
Class (ft.)
5000-6000 5.8 3.0 0
6000-7000 24,0 22,7 11.3
7000-8000 37.8 40,1 37 .4
8000-9000 13,5 13.8 39.0
9000=10000 13,5 14.4 10.5
10000-11000 5.2 5.8 01.6
Over 11000 0.2 0.2 0.2

Total 100% 1009 1004




elevation classes. The same information is given
graphically in Figure 8.

Elevation-weighted snow-water equivalents for
the two drainage basins were calculated as shown in
Tables 4 and 5. "Fractions of area™ in columns so
designated in Tables 4 and 5§ were taken from Table 3.
"Snow-water equivalent inches" values appearing in
columns so designated in Tables 4 and § were teken from
the curves of snow-storage in relation to elevation at
the elevations 1isted in the first columns of Tables 4
and 5.

Table: 6 presents the end products of the
examples of elevation-welghting computation performed
in Tables 4 and S, |

Statistical test of the effectiveness of the method
Stetistical approaches provide an impersonal
and mathematleally valld coriterion for ascertaining
the strength of & correlation. The basic mathematical
derivations of the statistlcal processes used are not
the subject of this thesis., They are presented in
detail in numerous text-books and dlssertations on
statisties. The correlation coefflfeient »r which is
derived through the method of Least Squarea from the
data inder sorutiny, expresses the strength of the

eorrelation. A value of plus 1 or minus 1 indicates
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Teble 4.--ELEVATION - WEIGHTED SHNOW STORAGE COMPUTATION MARCH 1
SNAKE RIVER ABOVE JACKSON LAKE

1045 1542 1043

Fraction Tnow Water Snow Vater Show wWater

Elevation of Equivalent Equivalent Equivalent
Feet Area Inches Product Inches Product Inches Product
6800 0.113 12.3 1.39 6«8 0.77 26.2 2.96
7500 0.374 17.6 6.58 10.6 3.96 38.1 14.25
8500 0.390 25.1 9.80 16.2 6.32 655.9 21.80
9500 0.105 32.9 3.46 21.8 2.29 73.8 7.72
10500 0.018 40.5 0.73 8 27.3 0.49 91,0 1.64
Toteals 1.000 21,96 13.83 48,37

Water Equivalents 22.0" 13.8" 48.4"




Table 5.--ELEVATION - WEIGHTED SNOW STORAGE COMPUTATICN WNARCH 1
SNAKE RIVER BETWEEN JACKSON LAKE AND HEISE

1945 1942 1043
Fraction Snow Water gnow water Snow weter
Flevation of Equivalent Equivalent Equivelent :

Feet Area Inches Product Inches Product Inches Product
5800 0.067 6.0 0.40 2,3 0.15 10,0 0.687
6500 0.261 0.3 2.43 4,9 1,28 17.2 4.49
7500 0,379 14,9 5,65 8.2 .31 20.1 11,03
8500 0.004 21.4 2.01 12,0 1.13 42.4 3.99
9500 0.140 30.1 4,21 17.0 2.38 57.5 8.05

10500 0.059 40.4 2.38 22,0 1.30 73.3 4,32

Totals 1.000 17.08 9.35 32,55

Water Equivalents 17.1" 9.3" 32.5"
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Table 6.«-=PRODUCT OF COMPUTATION

Tlevation Welighted oSnow water

Equivalent, Inches

Nominally March 1

Year Year Year
1945 1044 1943
Snake River
above Jackson Lake 22.0 13.8 48,4
Between Jackson
Lake and Helse 17 .4 9.3 3245




full correlation, positive and negative, respectively.
A positive value indicates correlation only 1f the
inherent characteristics and physieal properties of
the items under study are such that an inerease in
positive value of the independent variable 1is
correlated with some increase in the positive value of
the dependent variable. The relationship between snow-
water equivalent and runoff 1s of this type; the
greater the snow; the more water-yleld.

In analyzing the results of the use of the
elevation~weighting procedure desoribed in this thesis,
the strength of the correlation is shown by the
magnitude of the numerical value of the correlation
coeffieclent »r.

Another criterion of the strength of the
correlation is the standard deviation : OF,W_ s Of the
sorrelation cocefficient: This is computed by the -

equation:

T, = =5
v Vn-2

The higher the numerical value of the U,

L7 ’

A linear correlation can be expressed,

the

weaker 1s the correlation.

through the application of simple analytical geometry,

as an equation for the slope and position of a line in



a Cartesian coordinate system. Such an equation
presents in condensed form the correlation alse shown
in the form of graphs. Further treatment of
statistiocal oconsiderations is presented in the
Appendix, in which 1s included a multiple-correlation
performed to learn if the snows of the preceding
winter, in sddition to those of the current season,
influenced the ocurrent season's water yield.
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Chapter VI
DISCUSSION OF RESULTS

Snow courses and the area-elevation relationship
of the watershed

A very definite trend of inorease of snow-
water equivalent with altitude is evident on Figures 2
and 3, of averages of snow oourses for the periods of
regsord. Figures 5, 6, and 7 likewise show this very
definite relationship with reference to individual
years,

A goed geographic distribution of snow
gsourses within the drainage basins, as is shown on
Figure 1, and the existence of the trend of increase
of snow-water equivalent with elevation, indicate that
the network of snow courses reflects the snowfall and
storage for the watershed, The verticsl position of
the individual snow course plottings on ?1gurau 2 and
3 shows the relationship of snow storage with respect
to elevation. Eorﬁxant&l displascement, or the position
of snow courses located in different parts of the
drainage basin at or about the same altitude, may
reflect the effects of geographic location, storm paths,
and factors other than elevatlion, such as old forest
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fires. A ourve through the points averages the snow
courges both vertiecally and horizontally, and thus
expresses the average snow-water equivalent for the
watershed.

Ag 18 evident in Figures 5 and 6, no two
years produced the same shape of surves having the
same slope for the same date of the survey. As is
shown in Figure 7, for the Snske River between Jackson
Lake and Heise, ourves differeft greatly for Februasry,
Yarch and April lst, 1940, (a2 small runoff-volume
vielding yeer) as compared with similar curves for 1943
{a large runoff-volume ylelding year). Not enough
courses have been surveyed as of May lst to permit the
addition of similar eurves for ¥ay lst. In a few
instences, such as Februaryl, 1040 and Febreary 1, 1841,
the ourves plotted almost vertioally, indicating mueh
greater water equivalent storsge at lower altitudes
than at higher-lying portions of the dralnage basin,

Elevation-weighted snow-water equivalent in relation
%o water yleld

Tables 7 and 8 contain data on the seasonal
water 710}4, and both arithmetic and elevation-weighted

averages of snow-water equivalent. ®igure 9 i3 a
regression~line type of forecast ohtét based upon
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Teble 7.-«RUNOFF AND SNOW
SNAKE RIVER ABOVE JACKSON LAKE, WYOMING

Nominally April 1

TFlow acre-feet Arithmetic Elevetion welghted
April to July, average 9 (2=-point) average
Year inclusive - Snow courses of © snow courses
1919 455,870 16.8 23.1
1920 725,370 21.5 32.8
1921 792,440 20,6 31.8
1922 739,810 22,0 32,0
1923 710,290 20,7 30.4
1924 455,730 15.8 24,0
1925 1,003,620 25,9 39.5
1926 538,680 16.6 24.2
1927 1,082,810 33.0 52,5
1928 990,820 23.8 37 .9
1929 614,650 20.2 30.5
1930 560,650 16.8 26.1
1931 382,160 8.3 12.4
1032 757,290 24,0 35.1
1933 646,410 21.6 3l.5
1934 455,370 15.3 21,1
1935 701,750 17.9 27 .6
1936 823,310 29.9 30.7
1937 590,880 19.7 23.2
1938 869,230 22,5 28.6
1939 642,600 24.0 28.2
1940 591,990 18.5 19.2
1941 528,860 15.8 17.0
1942 631 , 340 16.6 19.1
1943 1,095,010 37.5 40.1
1944 566,060 13.5 17 .7
1945 657,110 18.7 24.5

1946 770,300 23.6 35.8




Table 8.=-«~RUNOFF AND SNOW
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SNAKE RIVER BETWEEN MORAN, WYONING, AND EEISE, IDAHO

Nominally April 1

Total Runoff

Elevation weignted
Vean of 22 to 24
Snow Courses

April to July, Arithmetic Including those
Inclusive Average Above Jackson Lake
Year Acre Feet Inches Inches
1936 3,028,070 24 .4 26.6
1937 1,819,320 14,7 16.0
1938 2,696,830 17 .6 20,5
1939 2,021,600 16.2 18,3
1940 1,465,600 13.0 13.7
1941 1,680,140 11.9 14.3
1942 2,147,890 12,0 14.1
1943 3,697,750 27.0 31.5
1944 1,768,280 10.9 12.5
1945 2,331,200 15.7 17.8
17.2 £l.1

1946
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arithmetic averages of snow courses and Figure 10 18 a
forecast ohart based upon elevation-weighted equiva-
lents. Both charts are for the drainage basin above
Jackson Lake., Similarly Figures 1l and 12 are forecast
charts for the Snake River between Jackson Lake and
Helse.

Percentages of snow as of April lst appearing
as runoff in the Snake River above Jackson Lake are
presented in Table ©, This relationship is shown
graphically on Figure 13. It was observed that years
of small snow storage, suoch as: 1931, 1941, and 1944
exhibited high percentages of snow appearing as runoff}
71.0, 71.8 and 73.4, respectively. Years of heavy
snow storage, such as: 1925, 1927, and 1943 exhibited
low percentages of snow appearing as runoff: 58,85, 47.4,
and 62.8, respeotively. This unloocked-for relationship
may be explained in part by reference to Figure 8. The
small runoff-volume years: 1931, 19040, 1942 and 1044
were years of small snow storage at both low and high
altitudes. During the yeara 19025, 1927, and 1928
(large runoff-volume years) there was heavy snow
agsourmlation at both low and high elevations., It is
poasible that the low-altitude snow pascks were subjected
to earlier melting and eapeoilally to greater evaporation
losses than the high-altitude acoumulations. Thas,
ginee more of the snow reposed at higher altitudes,
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Table 9.--PERCENTAGE OF SNOW WATER APPEARING AS RUNOFF

As of ppril 1

SNAKE RIVER ABOVE JACKSON LAKE, WYOMING

April to ~ Percentage of
July Inches Depth Elevation Welghted Snow
Runoff Equivalent Snow Water Appearing as

Year (AF.) of Runoff Equivalent Inches Runoff
1919 455,870 10,5 23.1 45.5
1920 725,370 16.7 32.8 50.9
1921 792,440 18.2 31.8 57.2
1922 739,810 17.0 32.0 53.1
1923 710,290 16.3 30,4 53.6
1924 455,730 10.5 24,0 43.8
1925 1,003,620 23.1 39.5 58.5
1926 538,680 12.4 24,2 5l.2
1927 1,082,810 24.9 52.5 47 .4
1928 990,820 22.8 37 .9 60,2
1929 614,650 14.1 30.5 46.2
1930 560,650 12,9 25.1 5l.4
1931 382,160 8.8 12.4 71.0
1932 757,290 17 .4 35.1 49,6
1933 646,410 14.9 3l.5 47 .3
1934 455,370 10.5 21.1 49,8
1935 701,750 l16.1 27 .6 58.3
1936 823,310 18.9 30,7 6l1.6
1937 590,890 13.6 23.2 58.6
1938 869,230 20,0 28.6 69.9
1939 642,600 14.8 28.2 52.5
1940 591,990 13.6 19.2 70.8
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Table 9.--PERCENTAGE OF SNOW WATER APPEARING AS RUNOFF (CONTINUED)

SNAKE RIVER ABOVE JACKSON LAKE, WYOMING

As of ppril 1

April to Percentage ol
July Inches Depth Elevation weighted Snow
Runoff Equivalent Snow Weter Appearing as
Year (A.F.) of Runoff Equivalent Inches Runoff
1941 528,860 12,2 17.0 71.8
1942 631,340 14,5 19.1 75.9
1943 1,095,010 25.2 40.1 62.8
1944 566,060 13.0 17.7 T34
1945 657,110 15.1 24,5 6l.6
Average 689,264 15.9 28.1 57 .6

04,
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in terms of total drainage basin storage, during small
runoff-volume ylelding years, it was subjJected to less
loss and, therefore, the runoff-yielding effectivenecss
of the snow was greater than during large runoff-volume
vielding years.

Differences among storage~elevation curves as
shown in Figures 5 and 6, may serve to explain why many
efforts at more precise statistical correlation
analyses of data from individusl snow courses have not
yielded as promising results as is ordinarily expected
from such analytical techniques. This may be due, in
part, to the observation that lower elevation-centered
snow-packs are known to result either in esrly snow
melts, or, if persistent, in rapid retes of melt

producing high rates of ruuncif,

Conversion of snow-ocourse layouts to the west-wide
system

The snow survey records above Jackson Lake,
Wyoming, are unusual not only in the length of their
resord, but also in their completeness., They were first
established and later maintained and surveyed by the
Bureau of Reclamation, Surveys are still performed by
the Bureaun of Reclamation. 1In 1938, the snow course
system was incorporated into the Vest-wide system of
snow surveys coordinated by the Division of Irrigation
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of the Soil Conservation Service, at which time the
snow courses were staked out in the standard manner.
Pigures © and 10 present two sets of mean
end upper end lower enveloping liness The solid lines
are for the periecd beginning with 1836, when the snow
courses were incorporated into the West-wide system,
The broken lines are for the period of record,
beginning with 1919, Only the ssoummlation of records
in the future cen disclose whish of these two sets of
lines most nearly reflects the relationship of snow-
water equivalent in storage to runoff in the drainage
basin of the Snake River above Jaokson Leke, Wyoming.

Statistical analysis of the results of this
investigation

A discussion of pertinent statistical
soncepts was presented in Chapter V. Additional
discussion is found in the Appendix, together with
Tables 10 and 11, correlation analysis work sheets.
Correlation coefficients were not caloulated for the
forecasts for the Snake River between Jeackson Lake
and Helse, because of the small number of years of
record of snow surveys in that portion of the drainage
basin.

fhe correlation coefficient for the
arithmetic average-based forecast for the Snake River



above Jackson lLake was computed in Teble 10 with the
result:
= Oﬂwt 0,086

The elevation-welghted snow-water equivalent~
based foresast showed a correlation coefficlent of:

r = 0,824 T 0,086

The improvement in the correlation between
snow and runoff effedted by the elevation-welighting
procedure is shown by the inorease in the Muc‘ of the
correlation coefficient and reduction of the standard
a»vnt_ian, The results indicate a practicelly
significant degree of correlation of the elevation-
welghted snow-water equivalent-based forecast for
maltiple-purpese reservoir cperation. The forescast can
be expressed in the following equation derived from
table 11: ‘

YT = 154.3 + 19.82 X

in which: Y 18 the April to July, inclusive, inflow
to Jackson Lake, in units of 1000 acre~feet; X is the
elevation-weighted snow-water equivalent based wpon ©
snow gourses in the watershed above Jackson Lake,
Wyoming, expressed in inches, as of the first of April.

e



7o

Chapter VII
SUMKARY AFD RECOMMERDATIONS

Summary
A method 1is presented for seasonsl water-

vield foreecast derivation based upon snow survey data.
The method takes into ascount snow-water equivalent
by eres~elevation zones, and interpolates derived snow-
water equivalents for higher altitudes and for other
portions of a watershed not setually sampled by snow
courses. The seasonal water yleld forecast derived
by this method for the Upper Snake River in Wyoming,
above Jackson Lake reservoir, has a correlation
coefficient »r of 00,8241 0,066, which indicates a
practically significant degree of correlation for
miltiple~purpose reservoir operation.

General recommendations

Reocent trends in seasonal water yleld fore-
casting indlcate the potential value of mmltiple~
correlation analyses for foresast computation, Because
it 18 known that the spring season's flows are
influenced by numerous factors, discussed previously in
this thesis, 1t appears logical to introduce values
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ﬁh&oh could sorve as representatives of otherwise

{

i

/ynrecognized but possibly important factors in affecting
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4 ;sotaonal yield, Thus, total sutumn precipitation or

{aapurturoa of autumn precipitation from the normal may
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or surpluses and therefore foreshadow the runoff-
yielding effectiveness of the subsequent winter's snow-

4’/5 fall. Flow of rivers in the sutumn may likewise serve

Y

to indicato potentiel trends and thus bp of value in
1nprov1ng'£ho acouracy of a forecast. Temperatures
during the sutumn, winter, and spring seasons, up to
the dates of computation of a forecast, have been
observed to bear an influence, but the meager data
aevailable on temperatures as they occurred often
precludes sritical analyses, chiefly because the
temperature records commonly available are of dally
maxima and minima, Hourly temperatures are needed to
evaluate more precisely the heat factor, espesilally
during the snow-melt period. The introduection of wind,
when resords become available, should improve the
acouracy of a seasonal water yleld forecast. Date on
the position and rates of flustuation of ground-weter
levels should, likewise, scontribute to the ascuracy of
soasonal water-yleld forecasts. The unfortunate dearth
of the necessary meteorologic and hydrologic data
prevents the more general application of potentially
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valuable relationships at the present time, Multiple-
sorrelation statisticsl analysis should be very fruitful,
since 1t makes possible the caloulation of the net
effect of the interaction of several factors operative
in influencing seasonal water yileld,

By far the greatest fraction of the coest of
performing a snow survey is that expended on travel time
to and from a snow ocourse. Vhere present courses are
located at high eltitudes, sdditional courses could be
surveyed at low and intermediate altlitudes at very
slight inoreased costs. It should be possible, when
establishing or expanding a snow course neitworl, to so
locate the courses as to have them distributed according
to elevation oclasses and snow accummlation zones, go
that & simple arithmetio average would yield a properly
weighted watershed storage average.

Recommendstions with reference to the Upper Snake River

A multiple~correlation analysis of the
relative weight of the various elevation zones may be of
interest. However, the caloculation of a forecast using
the elevationsweighted snow-water equivealents, with
gsutumn and spring rainfall, and with autumn, winter, and
spring temperatures, up to the date of the forecast,
ghould yileld some interesting improvements., Autumn run-
off of the Upper Snake River may prove to be of



importance in influencing the spring season's water
yield, The pursuit of the ultimate in a forecast is a
never-ending quest, especially because interrelations
may change with continuing acoumulation of records,



79

APPENDIX
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APPERDIX

Pertinent statistical considerations
General statistiosl considerations underlying

any sempling procedure are found in numerous text-books
on statistiocs, among whioch are references (40) and (42).
The conoept of sampling ig that by evaluating a sample
out of a universe, it is possible to ascquire, within
limits, some knowledge of the charsoter of the universe.
The ultimate degree of knowledge of the universe would
be to evaluate every individual in the universe. This
may not be justifiable for the purpose, or practiscal
because of physical or financial limitetions. Therefore,
samples are teken and the characteristiocs of the
universe are estimated from the samples: The advanced
application of theories of sampling to snow surveys is
remote, since the size of the semple taken at a snow
course is too small to justify the name. For exampls,
a8 has been disoussed previously, only one five and
three quarters billionth of the Upper Snake River above
Jackson Leke drainage basin 1s actually sampled by the
combined Snow survey network.

Snow courses are indices of conditions on the
watershed, rather then samples of stored water
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equivalents It is not necessary that some item be a
truly representative sample of & universe, if it bears
some undiscernable but definite relationship to the
behavior of the universe, With reference to snow
courses, experience has shown that they are of value for
forecasting seasonal water yleld within certain limits
of precision for practicsl purposes, The objective of &
forecast 1s to ascertain a correlation of factor or
factors with a desired dependent variable and teo
evaluate the strength of this ocorrelation with reference
to foresasting the dependent variable.

Work sheets for multiple correlation snalyses
The following tables (10) and (11) are work

sheets for a multiple-correlation analysis of the snow-
water equivalent of the ourrent and the preceding year's
snow surveys in relation to the current year's seasonal
water yleld and a work sheet for the computation of the
coefficient of correlation for the arithnatlu—averngg
baae& snow-water equivalent in relation to seasonal
water yleld.

The multiple correlation anelysis in Table (11)
was performed using the Doolittle system as modified by
Ford (19). An analysis was made to ascertain whether
or not there was an effect of the preceding year's
snowfall upon the ocurrent year's runoff, This analysis
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disclosed a negative correlation between the current
year's runoff and past year's snow, with regression
coefficients of «1.94 for the preceeding year's snow

and + 19,21 for thecourrent ;ou-'o BNow,
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