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PREFACE

The following report represents the results of what has been a special
interest or hobby of the writer for nearly 50 years. His first engineering
work in the western Great Basin was in 1915 in the Honey lake Valley in
Lassen County, California. Work on the adjudication of the water rights on
Truckee River began in 1917 and was followed by similar work on the Carson
River beginning in 1928. Some work in the Mono Basin in 1922 added this
area to the writer's interest.

The writer's earlier work on the water supply of this area was limited
to direct activities in connection with specific engineering assignments.
The deficiencies in water supply which occurred from about 1928 to 1935
stimulated interest in trying to determine the severity of drouths to which
this area might be subject. The writer then began a more intensive study of
the enclosed lakes in the western Great Basin seeking to determine and inter-
pret their record over a longer period of time. Some preliminary results of
this work were published in 1935.1

As other activities have permitted, the writer has continued his inves-
tigations on these lakes. This has been an individual effort on his part.
No aid or support from any of the available research agencies was desired or
sought. This was not the result of any objections to working with such
agencies but their participation would have entitled them to set time limits
on the completion of the results. The writer preferred to proceed at his own
expense as his own time was available. This work has been a very rewarding
activity to the writer which he has used to maintain his interest in this
branch of engineering both during the years of his more active engineering
work and since.

The retaining of this work as an individual activity rather than as a
supported program does not mean that the results are limited to the writer's
own observations. The publication of the 1935 articles served to identify
the writer with the water supply of this area and resulted in his receiving
from others many items of record and clues that might be followed. The
results presented in this report would have been much less complete without
such cooperation. Specific acknowledgements are made in the report. The
writer is indebted to many others and gladly acknowledges their assistance.

The term "recent" in the title of this report is used to cover what may
be considered to be the present historical period as distinguished from past
geological time. "Historical" is, in turn, defined as matters recorded by
explorers and emigrants in this area plus interpretations that cen be made
from the present conditions such as tree growth. It is recognized that
climate has varied widely over geological time. It is equally well recognized

15, T. Harding, "Changes in Lake Levels in Great Basin Area," Civil
Engineering, February 1935, pp. 87--90; "Variations in Runoff of California
Streams,"” Civil Engineering, September 1935, pp. 572--5T4; "Evaporation
from Large Water Surfaces based on Records in California and Nevada,"
Transactions of the American Geophysical Union, 16th Annual Meeting, 1935,
PP. 507--511.




that climate, particularly precipitation, varies irregularly from year to
year. Such variations are larger in arid areas. Because the average water
supply is limited in arid areas, the variations that may be expected are of
particular importance in planning water projects in such areas.

This report discusses the results of an effort to extend the period of
direct measurement of precipitation and stream flow over a longer period into
the past. The fluctuations that have occurred over the past 300 years are a
better guide to what may occur in the next 300 years than the direct record
now available generally for about 100 years. While some comments are made on
climate variations over longer time periods in the past, the main purpose of
the work on which this report is based was the extension of present direct
records to the preceding time for which present observations could be made
and interpreted in terms comparable to the measured record.

A knowledge of the water supply in this area on which its development
can depend is a basic need in the programming of its water projects. This
report attempts to present what can be learned from the past. It also in-
cludes the writer's interpretation of this record. The factual material
which is presented adds to that previously readily available although others
may interpret the record differently from the conclusions of the writer.
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INTRODUCTION

The enclosed lakes of the Great Basin fluctuate with the variations
in their inflow. Records of such fluctuations are available prior to the
beginning of stream flow records and indirect methods can be used to define
the range of fluctuations for longer periods than are covered by the direct
records. An effort has been made to asseimble all of the available informa-
tion on each of the enclosed lakes in the western part of the Great Basin and
to interpret it in terms of the water supply of their drainage areas. The
results furnish a basis for estimating the variations in inflow which have
occurred on some of these lakes during the past 300 years.

The results for each lake were assenmbled and an office report prepared
in which the information which had been collected was analysed. These re-
ports on individual lakes were lengthy for the lekes having more extensive
records. It is planned that copies of these office reports on individual
laskes will be filed where they may be used for reference by those who may be
interested in the details which they include.

This present report brings together the essential results for the
individual lakes and attempts to derive the recent water supply variations
for the general area of the western Great Basin. Some less detailed results
for adjacent areas are included. This aids in analysing the extent to which
the western Great Basin may be a distinct climatic area.

The enclosed lakes used in the writer's work include Goose, Eagle,
Pyramid, Winnemucca, Walker and Mono. Although it is not an enclosed lake,

a similar study was made of Lake Tahoe. Other lakes of less usefulness in-
clude Honey, Horse, the Surprise Valley Lakes, Humboldt Sink or Lake, and
several in eastern Nevada. Some of these lakes go dry at times and might
be classified as playas.

Actual recorded observations began to be made on these lakes soon after
definite surveys were started in this area. These were fragmentary until the
value of such records came to be recognized. Records of the elevation of
some of these lakes are now being secured as a part of the work of the Surface
Water Branch of the U. S. Geological Survey and others.

A main purpose of the work on these lakes by the writer has been to

and assemble information on their earlier fluctuations before it
lost. Observations were obtained on the stumps of formerly submerged
before they had decayed and ring counts could no longer be made.

The gold rush immigrants included many individuals who kept diaries of
their trip which have been preserved and published. Their accounts of
streams may indicate their relative stage at the time it was forded but such
a record does not disclose the character of the total runoff of the season.

A description of a route followed around an enclosed lake may be interpretable
in terms of the elevation of the lake. As the elevation at any time of these
enclosed lakes is the composite effect of its inflow over the preceding years
it represents an indication of the amount of runoff that had occurred recently.
Much help was secured from such early accounts.

Beginning in the 1840's official governmental explorations and surveys
began to be made. The best known of these earlier accounts were those by
Fremont followed by the different explorations for railroad routes. The
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reports of this work include results which can be used to identify the
elevations of some of these enclosed lakes at the time of these explorations.
The elevations reported in the earlier surveys were mainly barometric and
may not be directly convertible to the present datum.

By around 1880 development of irrigation from the tributaries of some
of these lakes began to deplete their inflow. To compare the runoff of such
drainage areas over a period before and after such depletion, it is necessary
to make allowance for the amount of such reduction in inflow. In some cases,
such as Mono Lake, this depletion has been the result of measured diversion
to areas outside the drainage area so far as it can be taken into account on
a definite basis. On other streams sufficient records may be available so
that an estimate of the resulting consumptive use can be made.

The water supply of the area covered was generally greater during parts
of the second half of the 19th century than it had been during the first half.
This resulted in a rise of the enclosed lakes. Where climate and soil condi-
tions had permitted the growth of trees adjacent to the lakes, the submergence
and killing of these trees by the rise of the lake left a record of the height
below which the lake had remained for a period at least as long as the age of
the tree. The stumps of such submerged trees remained around some of these
lakes at the time the writer began his work on their past fluctuations and
ring counts and determinations of the elevation on which the trees grew were
made. While the area around the majority of these lakes is too arid for tree
growth, submerged trees have furnished much information on some lakes such as
Eagle and Mono Lakes.

The reports on the individual lakes were completed during the years
from 1960 to 1963. In each report the records available at the time of its
completion were used. This resulted in variable closing dates for these
records. Instead of revising these reports to a common closing date, the
reports have been used as they were prepared. Where comparisons between the
lakes are made, a common period has been used. The addition of the years
since these reprts were prepared would not result in any essential changes in
the long time means derived in this report. The records secured in the years
since 1959 have generally been adequate to define the water supply for these
more recent years. These later records will be preserved and their inclusion
in this report is not essential.

Specifically this report brings together any documents information on
the water supply of the western Great Basin with conclusions regarding the
variations in this supply which have occurred during periods of varying
length within the time of direct and indirect records. The previously avail-
able information is assembled with some additions based on the writer's obser-
vations. The writers interpretation of these records is also included.

No startlingly new conclusions are reached in this report. The results
are in general accord with the conditions which engineers working in this
area have recognized. Added support may be supplied to the understanding
of the variations to which the water supply of this area is subject and
added emphasis given to the necessity of providing the water supply during
the periods of deficiency which occur in this area in making the plans for
its water supply projects if such projects are to meet their physical and
financial obligations.




PLAN OF REPORT

This report could be made by a separate presentation of the results and
conclusions relating to each lake followed by a discussion of the combined
results and the general conclusions reached. Also, it could be prepared by
a discussion of separate factors for all lakes followed by combining the re-
sults and conclusions.

Neither of these two methods would be entirely satisfactory. A combi-
nation method has been used. Some items needed in making use of the records
on some lakes, which cannot be derived separately for such lakes, are dis-
cussed and conclusions reached before the records for the separate lakes are
presented. Such an item is the evaporation from the lakes. After such a
foundation has been laid, the available information on each lake is presented
with the derivation of its inflow. The variations in the inflow are dis-
cussed for each lake in its general treatment. These results for individual
lakes are then combined in the general discussion of the variations in the
water supply of the area as a whole.

The accounts for each lake herein are an abbreviated version of the de-
tailed office reports which were prepared on the individual lakes. These
detailed reports do not justify publication as few who may be interested in
the general results would care to examine all of the supporting material.
For those who may desire to analyse the full record, typed copies of the de-
tailed reports on each lake have been preserved.

Adjustments of Enclosed ILakes to Variations in Their Inflow.

Enclosed lakes are in balance with their mean annual inflow. In any
time period in which the inflow exceeds the mean, the excess is stored in the
lake with the lake rising by the amount required for such storage. Similarly
the lake lowers in any period of below average inflow.

As the shores of these lakes are not vertical, the lakes adjust them-
selves to variations in their inflow. A rise of the lake increases its area
and its total evaporation. The rate at which an excess inflow will be ba-
lanced by such increased evaporation varies with the rate of slope of the
lake shores. On Great Salt Lake, relatively small increases in volume may
result in relatively large changes in lake area and evaporation so that the
fluctuations resulting from a large inflow are dampened by the increased evap-
oration.

Any lake whose inflow exceeds its net evaporation eventually rises until
it reaches the elevation of the lowest point in its rim. The Great Lakes are
examples of this condition. For at least some parts of the Great Lakes the
mean annual precipitation may exceed the evaporation; for such areas the lake
basin would fill until overflow occurred even if no other inflow occurred.

For the enclosed lakes of the Great Basin the mean annual precipitation
on the lake surface plus their inflow can only supply the evaporation from a
relatively small percentage of their total drainage area. In terms of geo-
logical time this has not always been true as Lake Bonneville rose until it
overflowed to the Snake River and Lake Lahontan had an area representing a
much larger percentage of its drainage area than is now occupied by its
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remnant lakes. The area of Lake Tahoe is the largest percentage of its drain-
age area of any of the present lakes and still overflows as it is located
where the surface inflow and the precipitation on the lake are larger and the
evaporation smaller than the similar items for the lakes in the desert
portions of the Great Basin.

WATER SUPPLY CRITERTA

There are different criteria which may be used to measure the extent of
the.water supply of any area. The precipitation is the most widely measured
climatic element relating to water supply. Precipitation records were begun
before stream measurements became a general practice. In humid areas the
annual variations in the precipitation are the most important element in the
usefulness of the available water supply. In arid areas it is the runoff
resulting from the precipitation which determines the extent of the
development that can be supported.

The relationship between the precipitation and the resulting runoff in-
volves several factors. Of these factors only the precipitation has usually
been measured. The runoff in any year is affected by the amount of the pre-
cipitation in the preceding year. For precipitation in the form of rain the
character of the individual storms affects the resulting runoff. For precip-
itation in the form of snow which accumulates on the drainage area the total
amount of the precipitation may determine the snow storage and resulting run-
off. TFor the drainage areas in the western Great Basin the larger part of
their runoff occurs from April to June from the melting of the snowfall of
the preceding winter.

Plotting precipitation and runoff for drainage areas for which records
are available shows a relatively large amount of scattering. The longer
records of precipitation can be used to derive a general estimate of the
runoff for years prior to its direct measurement, but such derivations of the
runoff for individual years or for short series of years are subject to re-
latively large probable errors. This is of particular importance for periods
of deficiency as such periods determine the extent to which it may be
feasible to develop these water supplies.

Another factor adding to the difficulty of deriving runoff from the pre-
cipitation is the wide variation that occurs in the precipitation over the
drainage areas of the western Great Basin. Sufficient records have not been
secured to enable the mean precipitation over the whole drainage areas to be
defined adequately. The lower portions of some drainage areas receive pre-
cipitations of less than 10 inches per year and produce almost no runoff.
Upper drainage area in the Sierras may receive 40 inches of mean annual pre-
cipitation and produce nearly all the dependable stream flow. Precipitation
stations in these areas of larger runoff are generally not sufficient to
define fully the variations of their precipitation.

Of the drainage areas in the western Great Basin, the one where the phys-
ical conditions and the available records are most favorable for deriving
a relationship between precipitation and runoff is the area tributary to Lake
Tahoe. The inflow to Lake Tahoe and the precipitation at Tahoe City are
shown later in this report in Table 21 in the general discussion of Lake
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Tahoe. These are plotted in Figure 1 in terms of the percentages of their
annual means for the 51 years for which both results are available. Wide
scattering for the individual years is shown. This scattering is too great
to justify the use of statistical methods to derive the best fit for a curve
indicating the mean relationship. The line of 100% percipitation and runoff
hes been drawn on Figure 1. TFor about 40 percent of the years the index of
runoff exceeds the index of precipitation.

For indices of precipitation of less than 100 percent, Figure 1 indicates
that the majority of the indices of runoff are less than the indices of pre-
cipitation. Some minimum amount of precipitation is required before any run-
off occurs and an increasing proportion of the precipitation becomes runoff
as the precipitation increases. TFor indices of precipitation in excess of
100 percent nearly all of the indices of runoff exceed the indices of
precipitation.

The means for all points between each 20 percent variation in the index
of runoff were plotted and a line drawn on Figure 1 which generally fits such
means. Using this line the variation for each year was scaled. The resulting
mean variation was 22 percent. This variation is an indication of the average
error that would result from a derivation of annual runoff from precipitation
on this drainage area.

There is some carry over effect from the precipitation of one year to the
next. To see if the scatter shown in Figure 1 would be reduced by allowing
for such carryover, the results were also computed on the basis of 8#2b for
the percentages of precipitation. In this computation, 'a' was the 3
precipitation for the preceding year and 'b' for the current year. The
results are plotted in Figure 2. As no essential reduction in the scatter
from the results shown in Figure 1 was shown the basis used in Figure 2 was
not pursued further.

Another criterion which has been used in the study of water supply
variations is the width of annual tree rings. For trees growing in areas
where the water supply is the controlling element in the growth of the tree,
the width of the annual ring may vary with the extent of the water supply.

The use of tree ring patterns to identify the date of cutting of timber used
in prehistoric structures has become a recognized procedure.

The growth of a tree is the composite result of several factors. There
are time lag effects which may extend over more than one year. ZLater in this
report an effort is made to correlate the results of tree ring measurements
with the precipitation and runoff of the areas in which the tree grew. The
results obtained are considered to be less useful than those derived from
either precipitation or runoff.

DERIVATION OF THE INFLOW TO ENCLOSED LAKES

Where direct records of inflow to an enclosed lake are not available
it may be derived if all of the other elements in the water supply balance
are determinable. The inflow can be computed as the missing item in such an
inflow-outflow equaticn.

The elements of supply are the surface stream inflow, rainfall on the
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lake and any ground water inflow into the lake bed. The elements of disposal
are the surface outflow, the evaporation from the lake and any ground water
outflow. These elements together with any change in volume of storage in the
lake for the time period being considered will be in balance.

The advantage of using the records of enclosed lakes to derive their
surface inflow results from the items in this balance which are either zero
or small enough so that they can be neglected. Being enclosed there is no
surface outflow. TFor the lakes that are discussed in this report there is
no known outflow by ground water movement. Having received their tributary
inflow, with whatever silt load it has carried, the beds of these lakes are
well sealed against seepage. The impervious character of the Iahontan clay
soils in the former bed of Lake Lahontan has been a major problem in their
irrigation. These lakes are at the lower ends of their drainage areas and
the erosion from their tributary areas is generally well ground into fine
silts or clays by the time it reaches the lakes. These lakes are usually far
enough from the mountainous areas which supply their main inflow so that the
precipitation in their own area is too small to supply any material amounts
of spring inflow in their lake areas. There are exceptions to this statements,
such as in Mono Lake. For such lakes the inflow can be derived as the com-
bined surface and sub-surface supply.

Precipitation records have generally been secured which are adequate to
determine the precipitation on the lake areas. For most of these lakes the
mean annual precipitation is less than one-fourth of the mean annual depth
of evaporation and may be only one-eighth of the evaporation.

The largest item in the disposal of the inflow is the evaporation from
the lake area. While some records of evaporation pans are available which
can be used with appropriate coefficients to enable the evaporation to be
estimated, records of inflow are available on some lakes from which the
evaporation can be computed as the missing item in the water supply balance.
On Pyramid ILake the records of the inflow from the Truckee River and the
fluctuations of the lake are sufficient to enable the monthly evaporation to
be computed for the full year. For some other lakes the inflow during the
later summer months is so small that the lowering of the lake is a measure
of its rate of evapcration. The lakes for which the evaporation can be com-
puted are sufficient in number and in distribution to enable dependable
results for the rate of evaporation to be derived for all lakes.

As the amount of the evaporation from the lake areas is the controlling
item in the derivation of their inflow, the basis for the results used is
described in considerable detail in a later section of this report. Addi-
tional results for each lake, where available, are included in the discussion
of the individual lakes.

PRECIPITATION

A major item in the derivation of the water supply tributary to the
enclosed lakes from the records of these lakes is the net evaporation from
the lakes. This requires results for the gross evaporation from the lakes and
for the precipitation on the lakes. The annual variations in the gross
evaporation rate are less than those for other elements in the water supply,
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and the mean annual depth of gross evaporation can be used for individual
years without large errors. The precipitation on the area of the lake is
more widely variable and results for its amount for individual years are
needed if annual inflows are to be derived.

While the precipitation records are inadequate in their coverage of the
higher and more productive portions of the tributary drainage areas of these
lakes, records from which the precipitation on the lake surfaces can be de-
termined are generally available. Most of these lakes receive small amounts
of mean annual precipitation as a result of their location away from the
higher mountains and out in the desert areas. It is considered that, with
one or two exceptions discussed for the individual lakes to which they apply,
the amounts of precipitation on the lake surfaces which have been used are
adequately supported.

Direct records of the precipitation on these lakes have been used where
they have been available. Where local records have not been secured, the
precipitation records at other stations considered to be representative of
the precipitation on the lakes have been used.

To make the results from the different sources and for the different
areas more readily comparable they have been expressed in terms of their
percentage of the mean. For these annual percentages the term indices of
wetness has been used in some reports. This is an appropriate description
and has been used in this report.

For the climatic conditions in this area the precipitation during the
year July to June determines the stream flow of the water year October to
September. The precipitation results used in this report are for the July
to June year. Precipitation from July to September in this area is gener-
ally negligible in amount and seldom produces surface runoff.

While such indices are useful as a guide to the probable variations from
the mean, they are not a substitute for direct records. They have been used
as an improvement over the use of the annual mean for all years. The use
of the mean annual precipitation for each year tends to dampen the annual
computed inflow that actually occurred although the mean results for longer
periods would not be materially affected. To avoid such results the annual
indices of precipitation have been used where applicable in periods for which
no adequate direct records adjacent to each lake are available.

The first precipitation records which have been secured in northern
California and maintained to date are those at San Francisco and Sacramento
beginning in 1849. These stations are both outside the Great Basin but are
in line with the major storm influences affecting northern California.

There are some records regarding general rainfall conditions for years
prior to the beginnings of actual measurement of the precipitation and for
later years. These general accounts include the following:

In Echoes of the Past (p. 67), John Bidwell describes the conditions in
1841 when he arrived in California. He states:

"It had been one of the driest years ever known in California.

The country was brown and parched and wheat, beans and everything

had failed. Cattle were almost starving for grass, and the people,

except perhaps a few of the best families, were without bread, and

were eating chiefly meat, and that often of very poor quality."

9




In the 1883-84 Transactions of the State Agricultural Society (p. 192),
Bidwell describes the 1840Us as follows:

1841-42  Moderate

1843-44  Almost rainless

184L4-45 Considerable rain

1845-46  Very wet-floods and inundations

1846-47  Copious rain-good wheat harvest

1847-48  Some early rains-open winter-good rains in March.

1848-49  Very snowy-considerable rain

1849-50 Very wet

Bidwell's account of his trip to California in 1841 is one of the best
of the emigrants' diaries. He became a prominent and respected citizen at
Chico, was governor of California and later a candidate for the U.S. presiden-
cy on the Prohibition ticket. His recollections of the 1840's, published in
1883-84, were probably based on notes made at that time.

In his Rainfall and Tree Growth in the Great Basin (American Geographical
Society, Special Publication, November 21, 1938), Ernst Antevs reports the
recollections of the character of the years which varied sufficiently from
the usual so as to have been recorded or remembered. The following results
have been abstracted from Antevs's account by the writer.

Year Comment

1860 wet and severe
1862 maximum floods
1863 dry

1864 minimum conditions
1867 maximum conditions
1868 wetter than 1867
1869 severe winter

1870 unusually dry

1871 minimum

1873 dry summer

1874 snowy

1875 dry summer

1876 rainy and snowy
1877 minimum

1880 small maximum
1884 snowy

1887 dry

1888 dry

1889 ary

1890 extraordinary maximum

These results are applicable to the Humboldt-Truckee areas.

The indices of wetness for the annual precipitation which have been
derived from various sources and for different areas are shown in Table 1.
These all relate to the area of the western Great Basin.

In Table 1 the results in each column have been adjusted to have an
average index of 100 for the years covered by that column. As the time
periods covered vary in the different columns, the results for individual
years are not completely comparable. The periods covered are of sufficient
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length however so that the mean for each period does not vary essentially
from a longer time mean.

San Francisco (Col. 2) and Sacramento (Col. 3) are the only precipitation
stations having records extending back to 1849. These have been used in Table
1 for the years prior to 1872 and have been extended to later years to provide
a period of overlap with other results. In ‘general they are consistent with
the other indices used. Years which are very dry or very wet at these two
stations are usually ones of similar conditions in the other areas used. The
indices for these two stations have not been extended into the more recent
years when records within the drainage areas of the enclosed lakes are
available.

The writer, in his work on these enclosed lakes, has also used indices
of wetness for the drainage areas tributary to each lake where such results
were needed to derive the annual fluctuations of the lake during periods when
only infrequent records of lake elevation were available. The indices used
were in some cases those derived by the California Department of Water
Resources and in others were based on selected stations considered to be more
directly applicable to the individual areas.

In Bulletin 5 of the California's Division of Engineering and Irrigation
(1923), the state was divided into 26 areas for which the annual indices of
precipitation were derived from available records for the 50 year period
1871-72 to 1920-21. Area I was the Tahoe Carson drainage areas representing
the eastern slope of this portion of the Sierras. The indices were based
mainly on the precipitation records at Boca and Truckee. Area A was designated
as the Upper Pit-Tule Lake-Great Basin Area. It covered this portion of north-
east California. Its indices in the 1870s and 1880% were based on the record
at Fort Bidwell and for later years on Cedarville, Alturas, Madeline and
Susanville. These stations are in or adjacent to the Great Basin. The results
in Table 1 for Area I (Col. 4) are those in Bulletin 5; for Area A (Col. 5)
the writer has extended the results in Bulletin 5 to 1954-55 based on the
later records. The indices shown for Area A in Table 1 are those applicable
to the 84 years shown and differ somewhat from those in Bulletin 5 for the
years used in that Bulletin.

The results in Column 6 in Table 1 are the indices for the mean precipi-
tation of Lakeview and Alturas which the writer derived for the years of
their record for application to Goose Lake. In Table 1 these indices are
shown from 1914 to 1960.

In deriving the inflow to Eagle Lake the writer used indices of wetness
based on the results in Bulletin 5 adjusted more directly to be representative
of the drainage area of Eagle Lake. These results are shown in Col. 7 of
Table 1. These were worked out in 1934 and are shown in Table 1 from 1871-72
to 1921-22.

In his early work in this area the writer derived indices of wetness for
northeastern Californis from 1871-T2 based on the records available to 1915-16
for Summit, Truckee, Boca, Bowman's Dam, Cisco, Nevada City and Redding. All
of these records were available in 1871-T72 except Redding which began in
1875-76. These results are shown in Col. 8 of Table 1.

In 1934 the writer used the results in Bulletin 5 with additional sta-
tions in Nevada to derive indices of wetness which were based on a larger
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number of records than the indices for any single area in Bulletin 5 which
were applicable to the conditions on the drainage area of Mono Lake. These
results were later extended to 1940-41; they are shown in Table 1, Col. 9.

From 1897 to 1944 the U, S. Weather Bureau has published a result for
the mean precipitation for each year for the entire state of California. The
variations from this mean in any year may differ widely in the various parts
of the state. This result is a composite of the total precipitation received
in the state, and mgy not be applicable to separate areas. These results in
terms of their percentages of the annual mean of 24.26 inches for this 48
year period have been included in Col. 10 of Table 1 for the purpose of
general comparison.

The several different results which may be useful in interpolating the
precipitation on individual enclosed lakes in periods when local records are
lacking and also to illustrate the extent of variation that may occur in
different attempts to derive such indices of wetness where only limited records
may be available. Where these results have been used in the analyses for
different enclosed lakes, the one considered to be the most directly applicable
has been selected. Such applications are discussed later in the portions of
this report relating to each lake.

None of these methods of deriving results from inadequate records can be
a substitute for actual records. For some periods and areas they may repre-
sent the only available means for deriving annual results where other local
records are missing. They have been used in this report where it has been
thought that their use is an improvement over the use of the annual mean with-
out variation for individual years. The extent to which they have been used
is shown in the discussion of each of the enclosed lakes. Their use adds
detail to the annual results without changing the mean water supply that would
be derived by the use of the annual mean for all years.

STREAM INFLOW TO ENCLOSED LAKES

The conditions of stream inflow and the extent of the available records
vary for each of the enclosed lakes. These are discussed in the later por-
tions of this report dealing with each lake.

The first regular observations of stream flow in the western Great Basin
began to be made in the 1890%5. These early records were generally secured on
the upper portions of the drainage areas above the points of proposed diversion
and do not record the inflow at its entry to the lakes. The direct record of
inflow to Pyramid Lake was begun in 1927 and to Walker Lake in 1913.

The available stream flow records have been used wherever they are
applicable to the inflow to the enclosed lakes.

STREAM FLOW IN AREA

The California Department of Water Resources has derived indices of
runoff for the various drainage areas of the state similarly to the indices
of precipitation previously discussed. These results are in Bulletin 1 of
the State Water Resources Board. The runoffs used were the estimated natural
flow which was defined as the "Flow of a stream unaltered by diversions or
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storage of its waters, or by importation of water from another drainage
basin.” These natural flows represent the measured runoff adjusted for the
estimated depletions resulting from upstreem consumptive use.

These natural flows were derived for a uniform 53 year period from
1894-95 to 1946-47. Where the stream flow records did not extend over this
period, the remaining years were estimated from precipitation and runoff
relationships. As stream flow records were not secured on stations in the
Great Basin in California over this 53 year period, much of the resulting
estimates of natural flow rest largely on the derived precipitation-runoff
relationship used. This prevents using the derived natural flows for the
full 53 year period in the different parts of the Great Basin in California
in a comparison of the annual variations in runoff in the separate drainage
basins in this general area.

To see if the results for the natural flows of selected streams in the
western part of the Great Basin, as derived in Bulletin 1, showed consistent
annual variations, the results for 5 areas for the years 1920-21 to 1946-47
were computed in terms of their percentages of the mean for this period.

This 27 year period was used instead of the 53 years used in Bulletin 1 as
the results for this later period are supported by a greater extent of stream
flow measurements.

Streams were selected extending from the northern to the southern portion
of the western Great Basin which had relatively long direct records. The Pit
River at Canby was used for the northern portion of the area although its
drainage area is not in the Great Basin. Its variation should be representa-
tive of the Goose Lake-Surprise Valley area. There is essential depletion of
the runoff of this drainage area before it reaches Canby and the estimate of
natural runoff in Bulletin 1 is about 60% larger than the measured flow.
Donner Creek was used as representative of the Truckee River as its measured
flow is affected only by the variations of carryover storage in Donner Iake.
This is adjusted in the results in Bulletin 1. The West Carson at Woodfords
has had little change in the conditions on its drainage area. The West
Walker near Coleville has a long actual record under generally undisturbed
conditions. Leevining Creek represents the southern part of the western
Great Basin; adjustments for differences in carryover storage have been made
in Bulletin 1.

The results for these five streams are shown in Table 2.

The largest variations between the five streams shown in Table 2 is
between the Pit River and the other streams. The remaining four streams show
as consistent results as would be expected from the character of the records
and the variations within the area. The mean annual variation from their own
mean among these four stations is shown in Table 2. Only 2 years exceeded 20
per cent. These four streams extending from the Truckee River to Mono Lake
appear to have been subject to the same general climatic influences during
this 27 year period.

The accumulated departures from their own mean for the period covered
for the four stations is also shown in Table 2. For the 11 years from 192k
to 1934 this varied from 59 per cent above to 185 per cent below the annual
mean representing an accumulated deficiency of 24k per cent of the annual
mean. These 11 years include the more deficient period of 7 years from 1928
to 1934 having an accumulated deficiency of 188 per cent equal to an average
annual deficiency of 27 per cent.
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The results for Pit River in Table 2 show an average variation of 22
percent from the mean of the other four stations. This variation exceeded
40 percent in 5 of the 27 years and from 30 to 40 percent in L additional
years. While Pit River shows a similar direction of variation from the
meen in individual years from the mean of the other four streams, the amount
of the variation differs in many years. The drainage area of Pit River is
less under the "shadow" of the Sierras than the other four streams and
appears to be affected quantitatively by this condition.

EVAPORATION

The evaporation from the enclosed lakes represents the outlet for their
inflow. Any seepage from enclosed lakes which occupy the lowest depression
in their drainage areas would have to find its outlet by movement to some
adjacent drainage areas. Topographical and geological conditions are unfavor-
able for any such ground water movements.

The inflow to such enclosed lakes, both surface and subsurface, is
balanced by the net evaporation from the lake. Except for lakes having
separate surface sources of inflow which can be measured and negligible
subsurface inflow, the determination of their inflow requires the determina-
tion of the rate of the net evaporation. For any period of time the inflow
is the net evaporation from the lake plus any gain in storage in the lake or
minus any loss in storage.

From necessity most of the results used for the rate of evaporation from
lake water surfaces have been based on observations with small evaporation
pans. ©Such pan records are easily obtained but their application to large
water surfaces involves uncertain factors. Estimates of the evaporation from
the enclosed lakes could be made based on the available records with evapora-
tion pans but the results would be subject to these uncertainties.

Fortunately, for some of the enclosed lakes, records have been secured
of the inflow, precipitation on the lake and lake fluctuations from which the
gross evaporation from the lake can be computed. This gives a result for
evaporation which is direct and does not involve the use of any coefficients
for evaporation pans. The results from the lakes for which evaporation can
be derived by direct records can be interpolated for the evaporation of other
lakes in this area.

Direct results for the evaporation can and have been derived for Pyramid
and Winnemucca Lakes and for Walker ILake. Some results for late summer months
when inflow may be negligible in amount can be derived for some other lakes
such as Eagle Lake. While the inflow to Lake Tahoe occurs in too many separate
streams to be measured without extensive work, the results of pan observations
are available for a relatively long period and have been used to furnish an
estimated rate of evaporation at the elevation of this lake.

The writer assembled the then available results from which the evaporation
from these enclosed lakes could be derived in an article in the Transactions
of the American Geophysical Union, (Sixteenth Annual Meeting, 1935). This
article was entitled "Evaporation from Large Water-Surfaces based on Records
in California and Nevada." Additional records have become available since
this article was prepared and have been used in the present discussion. Some
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minor changes in the 1935 results have been made based on these longer
records.

When Winnemucca Lake was approaching desiccation in the 1930% and in-
flow from the Truckee River had been shut off, E. P. Osgood made measure-
ments of the elevation of the lake from which the evaporation can be derived.
These records showed differences from the monthly eveporation from the deeper
nearby Pyramid Iake resulting from their differences in depth and its effect
on heat storage in the lake. These results were presented and discussed in s
paper by the writer in the Journal of the Irrigation and Drainage Division
(American Society of Civil Engineers, March 1962 ).

The results derived from the records for each lake for which such results
can be obtained and the estimates used for other lakes are discussed in the
later portions of this report relating to each lake. These results are
assembled in Table 3 for comparison of the different lakes.

The results in Table 3 for the annual evaporation from Pyramid, Winnemucca
and Walker Iakes are in close agreement. This would be expected as the
climatic conditions and exposure of these three lakes are similar and they are
at nearly the same elevation. This agreement confirms the correctness of the
records used in deriving these results. The monthly results show more differ-
ences. Winnemucca Lake was generally less than 10 feet deep when the observa-
tions by Osgood were made and had little volume in which the incoming heat
could be stored. Consequently, the evaporation from Winnemucca Lake during
the first half of the year was about one foot grester than that from the
adjacent Pyramid Lake. This difference was balanced by the excess of evapora-
tion from Pyramid Lake over that from Winnemucca Iake in the second half of
the year as the heat storage in Pyramid Lake was released and increased the
evaporation from its surface.

The results shown in Table 3 for the evaporation from Lake Tahoe are those
derived by the writer in 1935 from the then available pan records. The Class
A, U S. W. B. pan at the outlet of Lake Tahoe has a long record but is located
where it has been subject to wind protection and some shading from the adjacent
trees. Recently the California Department of Water Resources has installed
evaporation pans at different points around the lake and better records will be
available when these pans have been operated long enough to derive mean values.
The value of the gross evaporation from the 120,000 acre area of Lake Tahoe
more generally used in present water supply studies on the lake is 375,000
acre feet per year or a depth of 3.12 feet.

The results shown for Mono Lake in Table 3 are based on the lowering of
the lake in late summer months extended to the other months by comparison with
other lakes. These results include the uncertainty of the amount of inflow
from springs in the bed of Mono Lake. Such springs exist but no means for
their measurement are available. The result shown in Table 3 is consistent
with the other results shown. Being at a higher elevation the evapcration from
Mono Lake would be expected to be less than that from the nearby Walker Lake;
being further south and at a similar elevation to Lake Tahoe, Mono Lake would
be expected to have a somewhat larger evaporstion than Iake Tahoe.

For Goose Lake some observations of the rate of lowering of the lake in
July to September when inflow is very small have been used to derive the
evaporation in these months. The other months have been computed as the same
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percentage of the evaporation for July to September shown by the Winnemucca
Take records. The resulting 3.5 feet per year for the gross evaporation from
Goose lLake is consistent with the results for Pyramid Lake when allowance is
made for the difference in latitude and elevation.

The results in Table 3 for the annual evaporation from Humboldt and Honey
Lakes are based on those for Pyramid and Winnemucca Lakes without attempting
to assign values to the individual months. Both of these lakes are shallow
and their monthly evaporation should be similar to that of Winnemucca Lake.

The results in Table 3 show a variation in the evaporation with the
elevation of these lakes. In Figure 3 the gross evaporation has been plotted
with the elevation. The results for these lakes show a reduction in the mean
annual evaporation of about 1 foot for an increase in the elevation of 2400
feet. This result is directly applicable only to this area of the western
Great Basin between elevation of about 3800 to 6200 feet.

A similar relationship for evaporation and elevation for the drainage
area of the San Joaquin River in the Central Valley of California was derived
in a paper by Leonard L. Longacre and Harry F. Blaney in the Journal of the
Irrigation and Drainage Division, Proceedings of the American Society of
Civil Engineers, June 1962, (p. 33). The relationship plotted in Fig. 6 of
this paper is also shown on Fig. 3. The results for the San Joaquin River
drainage area show a slightly smaller rate of decrease of evaporation with an
increase in elevation than those for the western Great Basin, although the
two results are generally in good agreement on the amounts of the gross
evaporation.

OTHER WATER SUPPLY ITEMS

The derivation of the inflow of these enclosed lakes includes factors
other than the precipitation, measured inflow and evaporation. Area-capacity
curves are needed in order that the volume of storage at different elevation
and the area subject to evaporation may be known. These individual factors
relating to each lake are discussed in the separate accounts of each lake.

QUALITY OF WATER IN ENCLOSED LAKES

While the main purpose of the investigations on which this report is
based has been the quantity of the water supply of the enclosed lakes, the
results of analyses of the quality of the water by others have been assembled.
Samples were also collected by the writer during his own field work.

The results of the available analyses on each lake are discussed in the
account of each lake. These results for all lakes are also dicussed in a
later portion of this report.

The fluctuations of the enclosed lakes in the western Great Basin over
the period during which records have been secured has been sufficiently large
to represent a material variation in their volume. During such changes the
total soluble content of the lake water has generally varied in proportion to
the volume in the lake. The total tonnage of solubles has remained generally
constant as the volume of water in the lake has varied.
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The quality of the water in these enclosed lakes has sufficient
importance to justify its separate study. There is much conjecture
regarding the disposal of the salt content of the water in Lake Lahontan
as it diminished. While it is now too late to make observations relating
to the water in Lake Lahontan, much might be learned regarding what
probably happened from the record of its present remnant lakes.

INDIVIDUAL IAKES

The background has been laid in the preceding portion of this
report for the discussion of each of the enclosed lakes of the western
Great Basin. The main enclosed lakes for which the available information
justifies separate discussion are, in the order from the north to the
south, Goose, Eagle, Pyramid and Winnemucca together, Walker and Mono.
Iake Tahoe is not an enclosed lake but its discussion adds to the overall
results for the Truckee River. There are several smaller lakes which are
discussed to the extent that their record contributes to the general water
supply picture.

The discussion of these lakes which is included here is a shorter
version of the full report which has been prepared on each lake. In order
to preserve all of the material which had been secured regarding each of
these lakes, accounts were prepared including and analysing all of the
results. These detailed reports are too long for inclusion here. The
results directly useful in developing the water supply of the western Great

Basin have been included. Copies of the detailed reports have been filed
for record.

GOOSE LAKE

Goose Iake is the most northern of the lakes included in the investi-
gation on which this report is based. Geographically it is not in the Great
Basin as its overflow channel leads to the upper Pit River, a tributary of
the Sacramento River. As it has barely reached its overflow elevation brief-
ly at two times in its recorded history, it is, for practical purposes, an
enclosed lake.

Goose Lake is located on the California-Oregon line near the north-
eastern corner of California. Its bed is flat. At the elevation of its
overflow it has a depth of less than 30 feet and an area of 128,000 acres.
Its tributary inflow is now extensively used for irrigation and its recent
fluctuations do not reflect the full variations in the runoff of its tribu-
tary drainage area.

The inflow to Goose Lake occurs in numerous local tributaries and has
not been measured, although records have been secured on upper portions of
some streams. The estimates of the inflow derived in this report have been
based on the evaporation from the lake, the precipitation on the lake, and
the changes in area and volume of the lake resulting from its fluctuations.
To make the derived inflow prior to local irrigation use comparable with
that since such use, the estimated depletion in inflow represented by the
consumptive use of this irrigation as it has developed has been added to the
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inflow to the lake to give estimates of the runoff of the tributary drainage
area.

There are no trees growing around the margin of Goose Iake within its
range of fluctuation whose age can be used to determine the period of time
when the lake has been below the elevation on which they grew. While the
higher portions of its drainage area are timbered, much of the margin of the
lake is too marshy for trees to grow and much is too arid. If the lake re-
mained below its rim long enough some trees might get a start on ground below
the elevation of the rim; any such trees that may have grown at any time in
the past had disappeared by the time of the first reports on the lake. There
are some reports that stumps around moist areas in the bed of the lake were
exposed when the lake became almost dry in 1925.

The writer's work on Goose Lake began over 30 years ago as a part of his
investigations of similar lakes in the western Great Basin. More detailed
work was done in 1941 in connection with litigation, then current, regarding
title to recession lands. Much help has been secured from local residents,
from the Surface Water Branch of the U.S. Geological Survey, particularly
Mr. Kenneth N. Phillips of the Portland office, and from the California De-
partment of Water Resources. The individuals who have helped are too numer-
ous to be listed. The writer is indebted to all who have assisted him in
this work.

ARFA AND CAPACITY

Soundings of Goose Lake were made in 1904 by S. G. Bennett for the then
U. S. Reclamation Service. This work was done when the lake was one foot
below its rim. Bennett's results were used in the 1912 report of the Califor-
nia State Water Commission. In 1915 0. W. Peterson used Bennett's results
with some later soundings by the Goose Lake Valley Irrigation Company to de-
rive closely similar results.

In 1959 the California Department of Water Resources made a detailed
survey of the lake by sounding below its then elevation of 4704 feet; the
area between elevation 4704 feet and the rim at elevation 4716 feet was not
surveyed except at the elevation of overflow.

The results of these two surveys are shown in Fig. 4. The 1959 results
were more, detailed than Bennett's and have been used. The 1959 results show
that above elevation 4696 feet from 30 to 35 per cent of the area and the
volume are in Oregon with the higher percentage at the elevation of overflow
of 4716 feet. At elevation 4694 about 80 per cent of the area and volume are
in California and at elevation 4692.5 practically all of the remaining lake
is in Califomia.

EARLY REPORTS

Goose Lake was visited in 1832 by John Work of the Hudson Bay Co. This
is the first eye witness account known to the writer. Work's account is in
general terms. A reasonable interpretation of his distances between camps
and their locations indicates a lake stage of about 10 to 15 feet below the
rim or 4761 to 4706 feet present U. S. G. S. datum. This conclusion is also
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supported by Work's comment that the water was not salt but had an unpleasant
taste. In recent years this comment would apply to Goose Lake when it has
been at similar stages.

Charles Wilkes of the U. S. Navy describes Goose Lake in his report
covering explorations from 1838 to 1842. Wilkes did not reach Goose Lake
and his map and report cannot be interpreted in terms of the elevation of the
lake. Wilkes' account indicates that the general location and size of Goose
Lake was known by 1841.

Pierson Barton Reading passed Goose Lake in 1843 with a party of emi-
grants. The description in his diary has been interpreted to indicate that
Goose Lake was at elevation h699 feet at the time of his wvisit.

Jesse Applegate has left an account of his trip in 1846 to locate a
southern emigrant route to Oregon. He crossed the southern end of the lake
and went northward to cross Fandango Pass. From his account of where he
travelled it has been concluded that Goose Lake was at elevation h695 feet
at the time of his trip in 1846.

Peter H. Burnett was at Goose Lake in October 1848. His account indi-
cates a lake somewhat lower than at the time of Applegate's visit. An ele-
vation of 4694 feet has been used by the writer.

In 1849 the Lassen Trail was in general use. It left the Humboldt River
above Lovelock and crossed the Black Rock desert to Surprise Valley and over
Fandango or Lassen's Pass to a route around Goose Iake. There are several
descriptions of Goose Lake in the diaries of travellers over this route in
1849. There is also the report of Lt. R. S. Williamson who took command of
the U. S. Army Exploration when Capt. W. H. Warner was killed by the Indians.
The diaries which included comments from which the area and elevation of
Goose Iake can be interpreted include those of Kimball Webster, A. Delano,
Israel R. Hale, J. G. Bruff and The Foster Family. Williamson mapped the
west side of Goose Lake; from this map and his report Goose Lake appears to
have been at elevation 4694 or U695 feet. The diary accounts describe the
route followed on the bed of Goose Lake. From the maps now available Goose
Lake would have had to be at a similar elevation to that derived from
Williamson's work for these routes to have been used. From all of these re-
sults the writer has concluded that Goose Lake was at elevation 469L4.5 late
in the summer of 1849 when the emigrants passed Goose Lake. This is a rel-
atively low stage of the lake and is confirmed by the emigrants' comments on
the high salt content of the water in the lake.

The Lassen Trail was extensively used in 1849. Attacks by the Indians
reduced its use in later years although the U. S. Army and California volun-
teers attempted to protect the emigrants. This route was blocked from use
at times to avoid losses of life and stock. Little specific information from
which the elevation of Goose Lake can be derived has been found between 1850
and 1854%. In 1854 Capt. Ingalls left Col. Steptoe's party to drive horses
over the Black Rock desert to Oregon. He passed Goose Lake and his descrip-
tion indicates a lake elevation of 4698 feet.

Stephen Powers has left an account of a trip to Goose Lake in 18Th4 with
comments on conditions there in earlier years. Powers'account with Ingalls'
report is interpreted to support the conclusion that Goose Lake remained at
about its 1854 elevation until 1859 and was at about elevation 4698 feet in
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1859. By 187k the lake had risen to elevation U713 feet.

The U. S. Land Office made meander surveys of Goose Lake in 1872, 1879
and 1880. The results of these surveys have been interpreted to indicate
that Goose Lake was at or near elevation 4711 feet in each of these years.

The report on the "Geological Surveys West of the 100th Meridian"
(Wheeler survey) includes a map of Goose Lake and an account by Lt. Col.
Thomas W. Symons applicable to 1877. From these results it has been con-
cluded that Goose Lake was at elevation 4708 in 1877. Symons states that
Goose Lake had overflowed eight years previously which represents an eleva-
tion of 4716 feet in 1869. TI. C. Russell discusses Goose Lake in the Fourth
Annual Report of the U. S. Geological Survey for 1882-83. Russell stated
that the lake had not overflowed since 1869 except for two hours during a
gale from the north in 1881. He also states that prior to 1869 the lake was
lower than it was 1882. The lake was 15 feet deep in 1882 over the former
road at the south end of the lake. Tkelake had been slowly rising prior to
1881; to do this the lake would have to have lowered from its overflow in
1869 in order to have risen to its elevation in 1881. Russell's report indi-
cates an elevation of Goose Lake in 1882 of L471L feet.

Dr. George M. Kober was a physician at Fort Bidwell and has left an
account of Goose Lake in 1886. This has been interpreted to represent an
elevation of Goose Lake of 4713.5 feet in 1886.

EARLY WAGON ROADS IN BED OF GOOSE LAKE

When Goose Lake went dry in 1926, old wagon ruts still showed in the bed

of the lake. The location of these o0ld roads furnishes an indication of the
elevation of the lake at the time they were used. On Sept. 12, 1926 pic-
tures of these old trails were taken by M. Mark Getty of Lakeview. A repro-
duction of one of these pictures is shown in Figure 5. This picture was
taken on the west shore of Goose Lake opposite the I. C. Everly place.

These pictures furnish definite evidence that a route across Goose Lake was
used at some time in the past at the location shown in these pictures. As
Goose Lake had covered this route since 1862 the tracks revealed were made
prior to that date. The lake would have to be below elevation 4694 for this
road to have been used.

The writer in 1941 and 1955 identified the location from which Figure 5
was taken by lining a tree in the foreground with the crest of the mountains
east of the lake. This was confirmed by Mr. I. C. Everly at whose request
the pictures had been taken by Mr. Getty. This places the west end of the
road shown in this picture on the west shore of Goose Lake about 5 miles
north of McGinty Point. There is a low springy area in the lake bed north
of this location which remained moist from 1926 to 1934. The early emigrants
using this road probably took the most northerly route that was dry in
crossing the bed of Goose Lake.

The road shown in Figure 5 is heading northeasterly across the lake
from the west side. Reports of where it entered the lake bed on the east
side of the lake are not definite. As the emigrants came over Fandango Pass
they would not reach the lake north of Willow Creek. The road probably
entered the lake bed off of Willow or Lassen Creeks and swung as far to the
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Marks of the old wagon road in the bed of Goose
Lake exposed when the lake became dry in 1926.

Photograph by Mark Getty, Lakeview, Oregon.




south as the elevation of the lake may have required. her: no near-
by tributary streams on the west end of this road the racks w preserved
during their 70 years of submergence; on the eastern ¢ tracks

in the softer deposits from Willow and Iassen Creeks we: pparently obli-
terated in that portion of the lake. Similar tracks on th as+era shore
were not reported in 1926. The road tracks in Get tjc i,u : Oorued
to have been filled by wind action and were no lon

Mr. Everly came to the Goose Lake area in 1
observer of the conditions there. In 1955 he tol 1e writer that he had
found traces of three roads going west from Goos ke which were probably
used to secure better feed along their routes. These roads joined about 10
miles west of the lake. In 1955 trees were growing in the lake bed gbout
1/4 mile off shore from Everly's place. Mr. Everly sf that there had
been stumps of trees T5 to 80 years old near springs and wet spots in
the lake bed when it went dry in 1926.

In "Our Expanding and Contracting Desert" (Geographical Review, Amer.
Geographical Society of New York, Jan. 1935, p. IR 61) Isaiah Bowmen dis-
cusses his observations on Goose Lake in 1930 and 1932 when the lake was at
a relatively low stage. He describes the o0ld wagon roads uncovered by the
lowering of the lake in 1925 and included pictures of them taken at that time
by Mark Getty.

The writer has examined the files of the ILake County Examiner

m

for the
he issue
s

period when Goose Lake was dry or nearly dry from 1925 to 1934.
for July 15, 1926 contains an article by Mr. Everly. There was a sheet of
water in the lake which shifted with the wind. By getting high above the
lake the old trail could be seen for miles out across the lake extending in
a southwest direction. Everly stated that an old Indian had told him that
there had been no lake before the white man came. There had been only a
small swamp in the low area with sage brush on the west. This same Indian
also stated that the lake had filled in the early 1860S%.

The ILake County Examiner published a four part serial on the "old
South Road" by Mildred Baker in April and May 1929. This roasd was used as
the southern trail to Oregon from 1846 to 1853 with little use after 1853
due to danger from the Indians. When the lake went dry in the 1920% the
0ld road was visible for miles in the lake bed but did not show within one
and one-half miles of the lake shore. This article described the western
end of the road as being 10 miles south of the California- Crebon line which
agrees with the writer's description of 5 miles north of inty

An article in the Lake County Examiner of September 2, 1926 s that
arrow heads and other evidence of Indian work were found in the be f Goose
Lake when it became dry in 1925. "Huge" willow stum 1
large brush had also been found.

Ingalls' report based on his work in 1854 (Report of Rufus Ingalls
Exec. Doc., House, lst Sess, 34th Cong, 1855- 96) tates that the road
around Goose Lake passed around the south end lake and "upon the west
shore some eight miles." This indicates that “afion of the present
McGinty Point Viaduct was submerged in 1854 ari that the traveller had togo
around the south end of the extended road before reaching the road to the
west. Ingalls' comment on the freshness of the lake water represents a
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fairly high stage in 185h.

Ingalls' statements agree with Powers' comments on conditions in 185k.
Both indicate that the road across the bed of Goose Lake which was exposed in
the 19205 had ‘been submerged by 1854. The descriptions in the 1849 reports
indicate lake crossings further to the south than the exposed road. Their
results place the probable time when the more northerly location of the road
was used to some part or all of the period 1850 to 1853.

From all of the information available regarding former roads in the bed
of Goose lake the writer has reached the following conclusions:

1- The Applegate route of 1846 and the trails used until 1849 crossed Goose
lake from Davis Creek to McGinty Point. The Oregon trail then went to
the west through rough country to the Klamath area and the California
trail went to the south to California.

After 1849 Goose Lake lowered so that the road did not need to swing so
far to the south and the migration over Fandango Pass reaching Goose
Iake at the mouth of Willow Creek could and did enter the lake bed south
of any Willow Creek inflow.

For the lower lake stage after 18’49 the road could emerge further north
on the western side. Getty's pictures show that such a route was used.
The trail across the lake at its lowest stage would swing as far south
from where it entered and left the lake bed as the lake stage at differ-
ent times may have required. One controlling point appears to have been
the marshy area off from the Everly place in the western part of the lake.
It does not appear that Goose Lake went entirely dry at any time from
1846 to 1854. The conclusions regarding the location of the different

routes used in this period indicate a minimum lake elevation of L69h
feet. TFor this elevation Goose Lake would have had a maximum depth of
i Peet and an area of 40,000 acres.

The date of the minimum stage of Goose Lake during this period is later
than 1849 and earlier than 1854. Ingalls' statements and general tradi-
tion make 1852 the most probable minimum year.

RESULTS AFTER 1900

In the early 1900% there was interest in a proposed project to lower the
rim of Goose Lake and divert water to the Pit River. Engineering investiga-
tions were made by the U. S. Reclamation Service. Soundings of the lake were
made by S. G. Bennett. As the lake was navigable, title to the land in the
lake bed in each state was ceded to the United States by the legislatures of
California and Oregon. Bennett's map of Goose Lake was the most tangible
item resulting from this work. The lake was one foot below its rim at the
time of Bennett's work and his soundings were reported in depths below the
rim.

Some investigations were made by the California State Water Commission in
1912. There were followed by a more complete report on Goose Lake which was
included in the "Report on Pit River Basin" in 1915 by 0.W. Peterson. 1In
this report it was estimated that a drainage cut 20 miles long would lower
the lake 26 feet below its then outlet and could provide an annual water sup-
ply of 150,000 acre feet.
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Bulletin 41 of the California Division of Water Resources, Pit River
Investigation, 1933, contains comments on the past and recent stages of
Goose lake. Since 1945 additional investigations have been made by the State
of California as a part of its state wide water resources work.

OVERFLOW CHANNEL FROM GOOSE LAKE

When Goose Lake reaches a sufficiently high stage it overflows to Pit
River. Such overflows have occurred for only a few brief periods in the
last 100 years. ©Some early records are expressed in the elevation of the
lake below its rim so that the determination of the elevation of the rim is
required for the interpretations of these records.

Overflow occurs over a broad flat ridge between Goose ILake and the head
of Pit River. The overflow channel is small and winding and the controlling
elevation for overflow cannot be determined by eye. Some past surveys have
not extended along the overflow channel far enough to reach the controlling
elevation.

Bennett's 1904 map (U. S. Bureau of Reclamation ) bases the contours in
the lake on the depth of the lake at its overflow elevation. He found the
lake one foot below its rim but did not leave any references from which his
elevations could be reproduced. The writer has made observations of the depth
of area covered by Bennett's soundings which could be correlated with pre-
sent elevations. Five such results gave a mean elevation of the rim, as
used by Bennett of 4716 feet, present datum, as the most probable value for
the elevation of the rim used by Bennett.

Levels to the outlet of Goose Lake were run on Oct. 6, 1955 by Mr.
Kenneth N. Phillips of the U. S. G. S. He found the elevation of the bottom
of the shallow cut in the rim, at the point he considered to be the rim, to
be 4715.2 feet, datum of 1929.

Additional levels in this area were run by the California Department of
Water Resources in 1959; a high elevation of 4716 feet was found in the out-
let channel at a point somewhat north of the crest of the ridge across the
outlet area. This survey also found little variation in the elevation of the
outlet channel for a distance of over 1/2 mile over the crest.

Based on these results an elevation of overflow from Goose Lake of U716

feet, present datum, has been accepted and used in the writer's work on Goose
Lake.

OVERFLOW FROM GOOSE LAKE

There are different accounts of the times at which Goose Lake has over-
flowed to Pit River. The following discussion is limited to overflow during
historic time.

The earliest report found by the writer is that by Symons in 1877 who
states that overflow had occurred eight years previously. This would be in
1869. This result was used in U. S. G. S. Water Supply Paper 220 in 1908,
and Water Supply Paper 363 in 1914. It was also used by Russell in 1882.
Symons and Russell did their field work close enough to this reported time of
overflow to have secured accounts from still living local residents.
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The 1915 report on Pit River by Peterson states that overflow occurred
in 1868. Mr. C. E. Grunsky, Asst. State Engineer in California from 1878 to
1884, has reported overflow in 1868.

A precipitation record for this period was secured at Fort Bidwell.
This record shows & precipitation of 35.70 inches in 1866-67, 31.40 inches
in 1867-68 and 8.43 inches in 1868-69. From these records and other sources
Kenneth N. Phillips of the U. S. Geological Survey has concluded that the
reported overflow of Goose Lake occurred in 1868 rather than in 1869.

Mr. Phillips' conclusion has been accepted by the writer. The precipi-
tation at Fort Bidwell in 1867-68 was about double the mean for the T4 years
of record there and would have resulted in a material rise in Goose lLake.
The below average precipitation in 1869 would not be expected to maintain the
lake at the elevation it may have reached in 1868.

It has been concluded that Goose Lake reached its overflow elevation of
4716 feet in 1868 but did not rise high enough to cause any material amount
of overflow. Goose Iake probably fell in 1869 from 1 to 1 1/2 feet below
its 1868 elevation. It probably rose about 3 or 4 feet from 1867 to 1868
and a similar amount from 1866 to 1867.

The 1895 report of the California Commissioner of Public Works includes
a report by Manson and Grunsky relating to Goose Iake in which it was stated
"It is quite probable that no water from this part of its watershed has
reached Sacramento River since 1862." There is a similar statement in the
1912 report of the California State Water Commission. Grunsky repeated the
statement regarding overflow in 1862 in the Transactions of the Commonwealth
Club (Volume II, no. 2, Dec. 1926). These statements regarding overflow in
1862 do not include support for this conclusion. Settlement around Goose
Lake had not begun in 1862 and no reference to overflow in that year has been
found in the early reports. Overflow could have occurred in 1862. However,
as Goose Lake was relatively low as late as 1854, overflow by 1862 would
require a more rapid build up of storage in the lake than would be expected
even though 1861-62 was one of the years of largest runoff and may have
been the year of maximum runoff in northern California since settlement had
begun. It is concluded that Goose Lake did not overflow in 1862 and an ele-
vation of 4707 is estimated to have been as high as the lake probably rose
in that year.

Overflow in 1871 is reported in Bulletin 41 of the California Division
of Water Resources, Pit River Investigation, and in 1875 in Achowawi Geogra-
phy by Fred B. Kniffen (University of California Publication in American
K;Eheology and Ethnology, 1928). Neither of these results are supported by
other references which the writer has found and they have not been accepted.
Overflow in these years would disagree with the elevations derived from the
meander survey and the account by Powers.

he reported overflow in 1898 in Bulletin 41 also lacks other support.
No actual records of the elevation of Goose Lake from 1887 to 1904 have been
found and overflow might have occurred in 1898. As 1898 is within the period
when Louers is reported to have started to cut the rim of the lake, the lake
would have been relatively high. If any substantial overflow occurred
Louers would not have needed to make his cut. It has been concluded that
Goose Lake may have reached elevation 4714 feet but did Aot overflow in 1898.
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There is no other support for the overflow in 1910 reported by Davis in
"Lakes in California" in the Calif. Journal of Mines and Geology, 1933-3k.
This was within the period when Goose Take was used to transport settlers
from the end of the railroad to Lakeview and the location of the docks indi-
cate that the lake was at a relatively high stage. Any overflow in 1910
would have attracted enough interest to have been recorded. An elevation in
1910 of 4713 has been assumed.

The preceding discussion leaves only the years 1868 and 1881 in which
overflow from Goose Lake has occurred which are adequately supported. Over-
flow in these two years has been accepted. All reports on overflow either
omit comments on its amount or mention that it occurred only during short
periods of strong north winds. The effect of such winds is observable at
lower lake stages when the water mey be blown over substantial areas at its
south end. In any estimates of the water supply of Goose Lake, no account
needs to be taken of the volume of overflow which msy have occurred since

18k40.

FLUCTUATIONS OF GOOSE LAKE 1831 TO 1960

The available information on the elevation of Goose Leke from 1831 to
1960 has been plotted in Fig. 6. The sources of the earlier results shown
are also indicated. These have been discussed.

There are some relatively long periods during which nc records are
available. Rather than connecting the available records by a straight line
representing a uniform rate of fluctuation, these periods have been inter-
polated by using the derived indices of precipitation for the intervening
years. Such interpolation is not a substitute for actual records but is
considered to represent a more probable actuval fluctuation than would be
secured by a straight line variation.

Figure 6 is considered to represent the best results for the fluctua-
tions of Goose Iake which can be derived from the available information.
While there are omissions and some uncertainties in these results, the fluc-
tuations shown in Fig. 6 are considered to represent a generally correct
picture of what has happened on Goose Lake for the period shown.

The results shown in Fig. 6 are the historical fluctuations. The lake
elevations in recent years are not directly comparable with those prior to
1900 as the consumptive use of irrigation supplied by the tributary streams
has reduced the natural inflow to the lake. An attempt to allow for the
effect of such depletion is made later.

The only available precipitation record that may be applicable to Goose
Lake for the years 1854 to 1868 is that et Sacramento. From 1855 to 1862
the mean index of precipitation at Sacramento was 96 per cent of the long time
mean. In this period only 1862 had more than average precipitation. On this
basis Goose Lake probably rose slowly from 1854 to 1862 but the inflow in
1862 would notteexpected to have been excessive enough to have raised the lake
to its overflow elevation.

The total indicated rise from 1854 to 1868 was 18 feet. Based on the
precipitation at Sacramento, the larger part of this rise would have occurred
in 1862 and in 1868 with smaller gains in 1860, 1865 and 1867. In 1864 the
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precipitation index was 40 per cent. Lowering probably occurred in 1857,
1864 and 1868.

The 18 foot rise in Goose Lake in the 14 years from 1854 to 1868 has
been distributed on Fig. 6 on the basis of the preceding comments. Two-
thirds of this rise has been assigned to 1862 and to 1868; in the other years
the lake is shown as having raised or lowered by small amounts.

From 1885 to 1898 direct records have not been found. The Lake County
Examiner of April 17, 1899, reported that Goose Lake covered almost 300
square miles although there had been little inflow in 1898. The fluctuations
in this period shown on Fig. 6 were based on the use of the precipitation
indices shown in Teble 1 for this area.

Direct records of the elevation of Goose Lake from 1914 to 1925 have
not been found. In these eleven years the lake lowered from 4713 feet to
dryness at 4690 feet. The mean precipitation during this period was 80 per
cent of the long time mean with only 2 years exceeding 100 per cent. The
reduced rainfall on the lake increased the net depth of evaporation. This,
with the effect of increased diversion for irrigation, probably resulted in
lowering the lake as much as three feet per year in the years having below
average precipitation. The fluctuations of the lake shown for this period on
Fig. 6 are based on these assumptions.

The preceding discussion has developed all of the records of the eleva-
tion of Goose Lake that the writer has been asble to find. The interpola-
tions used between times of direct records have been shown on Fig. 6 as
definite elevations. As previously mentioned, such specific results should
not obscure the basic lack of direct observations in such interpolated per-

iods. These specific results should represent an improvement over a straigh
line variation between times of record but are only a partial substitute for
more frequent records.

WATER SUPPLY OF GOOSE LAKE 1831-1960

The water supply of the Goose Lake drainage area can be computed from
the fluctuations of the lake, evaporation from and rainfall on its area for
the period before depletion of the inflow began to be a factor. Comparisons
for the period after about 1900 require that allowance be made for the con-
sumptive use for irrigation.

In computing the runoff of the drainage area of Goose Lake from the
record of the lake, surface outflow can be neglected. The infrequent and
small amounts of such outflow are too small to require consideration. Sub-
surface outflow can also be accepted as zero as the lake occupies the bottom
of a closed basin from which any seepage would have a long distance to travel
to reach any available outlet. The lake bed deposit is also relatively fine
and generally impervious.

Some inflow may occur from springs in the lake bed. Any such springs
have only a minor amount of total discharge; this is shown by the conditiocn of
the lake bed when the lake went dry from 1926 to 1931. In deriving the total
runoff of the drainage area of the lake it is unnecessary tc distinguish be-
tween surface and subsurface inflow.

Evaporation from the lake is the main item in the disposal of the inflow.
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Direct records of the inflow to Goose Lake are fragmentary as several of its
inflow streams have not been measured. Based on results from other similar
lakes in the western Great Basin, the mean annual gross evaporation from
Goose Lake has been estimated to be 3.5 feet. The basis for this estimate has
been discussed previously in this report.

The mean of the precipitation at Lakeview and Alturas has been used as
the average precipitation on Goose Lake. The annual mean for these stations
in use by the U. S. Weather Bureau in 1960 was 1L4.25 inches at Lakeview and
12.53 inches at Alturas. Both records are available for most of the years
since 1914. Where direct records are not available the precipitation indices
previously discussed have been used.

The inflow to Goose Lake has been reduced since settlement of the adja-
cent lands by the consumptive use for irrigation; by the evaporation from
constructed reservoirs; and by additional consumptive use on areas marginal
to the lake resulting from spreading of waste waters from irrigation. Esti-
mates of the areas irrigated at different times have been made based on the
U. S. Census of Irrigation and water right records. The average consumptive
use for the climatic and crop conditions in this area has been estimated to
be 2 acre-feet per acre. The evaporation from constructed reservoirs has
been estimated to be 5000 acre feet per year since Drews Reservoir was con-
structed, with a reduction for the years 1926535 when less storage was secured.
The additional consumptive use from marginal areas has been estimated to ope
10,000 acre feet per year under present conditions. These results and their
increase to their present amounts are shown in Table b,

The individual items used in computing the runoff of the drainage area
of Goose Lake have been combined in Table 5. The time intervals used were
selected to correspond with the years in which records of the elevation of
Goose lake are available. The results begin with the end of 1831 when the
elevation of the lake is estimated from the account of John Work.

The method of computation is shown by the column headings in Table 5.
The mean area of the lake for any period is the average of the area at the
beginning and end of the period. The precipitation on the lake is based on
the Lakeview-Alturas records since 1914 and precipitation indices lack to
1853. Prior to 1853 the mean annual precipitation was used as there are no
records from which variations from the mean can be derived. The gross evap-
oration is computed as the mean area of the lake times 3.5 feet annual
depth of evaporation. The change in volume of storage in the laxe is the
difference at the beginning and end of the period. The mean annual inflow to
Goose Lake is the net evaporation from the lake plus or minus any change in
the volume of storage in the lake.

The results for the inflow to Goose Lake (Col. 13) have been increased
by the estimated amounts of consumptive use for different periods (Col. 1h)
to give the estimated total mean annual runoff for each period in Col. 15 and
the total for each period in Col. 16.

The estimated mean annual total runoff for the 129 year period shown in
Table 5 is 253,500 acre feet.. While it is estimated that the depletion at
present is about one-third of this total runoff, for the entire period the
estimated depletion represents only about one-eighth of the total.

In Col. 17 of Table 5 the total runoff for each period has been expressed
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as a percentage of the mean for the 129 year period. Such percentages repre-
sent a more convenient unit for comparison with the mean for different per-
iods and for comparisons with variations on other lakes.

There are five periods in Table 5 in which the derived runoff is more
than twice the 129 year mean. These are 1865-69, 1879-81, 1914, 1936 and
1956-58. Individual years in the three periods of more than a single year
may have exceeded the runoff in 1914 and 1936. What may have been the maxi-
mum runoff in the entire period in 1862 is obscurred in the mean for the
three years 1860-62. The results in Table 5 indicate that single years may
have a runoff as large as 250 per cent of the long time mean.

The procedure used in deriving the results in Table 5 is mathematically
sound but the results can be no better than the supporting data on which
they rest. While the numerical results for some of the different periods
may be open to question, the overall results are considered to represent a
generally consistent picture of the extent of the runoff of the drainage
area of Goose Lake and its variation over the periods shown. Chance errors
should be self balancing.

The mean annual runoff derived in Table 5 of 253,500 acre-feet repre-
sents an average of 231 acre-feet per square mile from the drainage area of
1100 square miles. This is equivalent to an average of about 4.3 inches
depth of annual runoff.

One of the main purposes of the writer's work on Goose Lake has been to
determine whether the period in the 1840's had a more severe deficiency in
water supply than any similar period since. Col. 17 of Table 5 is the result.

For nine years from 1844 to 1852 the mean annual runoff of the drainage
area of Goose Lake derived in Table 5 was 93,000 acre feet equal to 37 per
cent of the 129 year mean. TFor the 13 years 1923 to 1935 the derived mean
annual runoff was 70,000 acre feet equal to 28 per cent of the 129 year
mean. These results indicate that for Goose Lake the water supply deficiency
in this later period was both more severe and lasted longer than that of the
earlier period.

In Column 19 of Table 5 the results in Col. 17 have been expressed in
their accumulated departures from the mean for the 129 year period. These
accumulated departures have been plotted in Figure 7. These results show the
trends that have occurred over this period. The accumulated variations from
the mean are quite marked. In the first 28 years the runoff averaged 69 per
cent of the 129 year mean. This was followed by 55 years in which the aver-
age runoff was 127 per cent of the mean. The next 21 years had an average
runoff of 36 per cent of the mean and the remaining 25 years, 128 per cent.
The wide range of these variations over such long periods illustrates the
difficulty of making use of this type of water supply. The use of a larger
proportion of the long time mean supply than can be met during long periods
of deficiency requires either larger carryover storage than may be feasible,
or crop conditions where the area irrigated in any year can be adjusted to
the water supply available in that year.

The results in Table 5 and Figure T are considered to represent a rea-
sonably correct picture of the water supply of the drainage area of Goose
Lake for the period covered. The extent to which various parts of these
results rest on insufficient records requiring interpolations and estimates
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prevents these results from being more than such a picture.

The main item
in the resulting runoff is the area of the lake and the resulting evapora-

tion. It is considered that the fluctuations of the lake as shown in Fig.

6 are sufficiently representative of the actual results so that the area of
the lake for different parts of the 129 year period are correct within an
acceptable percentage of error. Any error in the depth of mean annual evap-
oration would have an equal relative effect on all parts of the period. .

A comparison of the precipitation indices in Col. & of Table 5 with the
percentage of the mean annual runoff in Col. 17 shows some periods in which
the runoff does not reflect the character of the precipitation. This result
is considered to be due mainly to the inadequacy of the records of precipita-

tion from which the precipitation indices were derived, particularly prior
to 191kL.

INFLOW TO GOOSE LAKE PRIOR TO 1831

The first report on Goose Lake in 1832 represents a fairly low stage
from which the lake continued to lower until 1852. The elevation of the
lake in 1831 can be used as a base from which some conclusions can be drawn
regarding the inflow in preceding years.

The mean annual runoff derived in Table 5 will supply the mean annual
net evaporation on an average lake area of 108,000 acres. TFor such an area
the lake would be at elevation 4TOL.5 feet and would contain 900,000 acre-
feet. The description of the lake in 1831 indicates that it had reached an
elevation 12.5 feet below such an average area at the end of 1831 with an
area of 92,000 acres and a volume of 470,000 acre feet. On this basis for
some period prior to 1831 the inflow had been less than the 129 year mean.
The period in which the lake had lowered to its 1831 elevation may have been
one of short duration and severe shortage or it may have been one of greater
length and less annual deficiency.

There are some clues to what the elevation of Goose Lake may have been
at some times prior to 1831. There are undated Indian traditions relating
to earlier drying of the lake. Kniffen (Achumawi Geography, B. Kniffen,
Univ. of California Publ. in Amer. Archeology and Ethnology, 1928) quotes
an Indian tradition that Goose Lake had been dry five times. He also reports
that when the lake became dry in 1926, heaps of obsidian chips were found
within the lake bed area indicating that at some lake stages, Indian camps
were used there.

Mr. Everly, a long time resident on the west side of Goose Lake, has
told the writer that there were stumps of trees 75 to 80 years old exposed
one-fourth mile from the west shore at his place. This is the area in which
trees were growing in 1955 and where the lake bed remained moist in 1926.

The conclusion is supported that other relatively low stages of Goose
Lake occurred prior to 1832 which were as low or lower than that reached in
1852. They may have been as low as that reached in 1926, although the use of
tributary streams for irrigation prevents conditions in 1926 being a direct
comparison with earlier periods.

Some of the evidence regarding earlier low stages is tangible though
general. Arrow heads around spring areas in the lake bed indicate camps or
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concentration of hunting at remaining water holes. Stumps in the lower ele-
vations of the lake bed show stages below the elevation of the stumps for as
long as the age of the tree.

There is general support for a conclusicn that Goose Lake had periods of
reduced inflow prior to 1832 of equal or greater severity than that from
1840 to 1860. These deficient periods may have extended over longer periods
than those that have occurred since.

Goose Lake may also have had extended periods during which its inflow
exceeded the mean for 1831 to 1960. To maintain the lake at its present
elevation of overflow would require an average inflow of 300,000 acre feet
per year. This is about 18 per cent more than the average runoff for the
last 129 years.

There are beach lines around Goose Lake at about the elevation of its
present overflow. These are sufficiently extensive in some areas to have
been used as the grade for the present railrocad. These beaches indicate
that at some periods in the past Goose Lake has received sufficient inflow to
maintain its elevation at or near the present rim. There is no presently
known basis for fixing the time when such overflows may have occurred.

QUALITY OF WATER IN GOOSE LAKE

The available records relating to the quality of the water in Goose
Lake consist of general early comments relating to its taste or smell and
chemical analyses at later dates. The general comments in the emigrants'
accounts from 1849 to 1852 described the water of Goose lake as generally

unusable. This confirms information on the low stages of the lake in these
years. Some comments termed it "almost putrid, nauseous to the taste",

and "impregnated with salt." By 1854 Ingalls (Report of Rufus Ingalls.
Exec. Doc., House, 1st Sess, 34th Cong, 1855-56) describes the lake as "a
most lovely sheet of fresh water, with myriads of shore birds and water fowl
around it." Accounts in 1877 and 1886 describe the water as "much better
than ordinary sink water", and "slightly alkaline to the taste."

The available analysis of the water of Goose Lake are shown in Table 6.
The first two are samples taken before the lake became dry in 1926. The
sample in 1912 may have been more carefully analysed and can be accepted as
representing the total tons of solubles in Goose Lake in that year.

The 1941 sample was collected from the dredger cut at Willow Creek in
May when both Willow and Lassen Creeks were at their higher stages. Their
inflow had not become mixed with the lake water and this sample was not re-
presentative of the lake average. The 1953 sample taken when the lake was
still low shows a reduction in total tons of solubles from 1912 of nearly
60 per cent. ILater samples show even less total tons of solubles.

The ten analyses from 1953 to 1958 give an average total content of
solubles in Goose Lake of 940,000 tons. This is 36 per cent of the total
content found in 1912. These individual samples vary from 765,000 to
1,100,000 tons. The highest tonnage is indicated by the 1953 sample taken
at the south end of the lake away from the major sources of inflow. The
lowest tonnage is shown by two samples, 1954 and 1958 taken nearer the east-
ern sources of inflow before the seasonal mixing may have taken place. The
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mean tonnage of all of the ten analyses is probably representative of the
total soluble content of Goose Lake in these years.

The analyses in Table 6 since 1953 naturally raises the question of
what has become of the other 1,500,000 tons of solubles that were in Goose
Lake prior to its becoming dry in 1926.

During the period from 1926 to 1934 when Goose Lake was practically
dry, newspaper reports describe dust storms blowing across the lake bed and
dust clouds moving to the south. The writer encountered one such storm when
passing by the lake in 1931. Such wind movements could and apparently did
remove much of the salts deposited on the lake bed when the lake became dry.

It is unfortunate that more samples were not secured and analysed as
Goose Lake lowered to dryness in 1926 and as it refilled after 1935. An
unusual opportunity to secure a more complete accord of what happens to the
soluble contents of a lake when it goes dry and refills was lost when such
samples were not secured. Such results might aid in an understanding of
what happened to the solubles in the water of Lake Lahontan as the different
parts of its area became A4ry.
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EAGLE LAKE
INTRODUCTION

Fagle Lake is within the Great Basin. It is at a higher elevation and
is not a remnant of Lake Lahontan. It is on the upper part of the drainage
area of Willow Creek about 15 miles northwest of Susanville in Lassen County,
California.

At its higher stages Eagle Lake has an area of nearly 30,000 acres and
a maximum depth of about 100 feet. It is at elevation 5,100 feet.

In geological terms Eagle Lake is relatively recent. It appears to have
been formed by & llava flow across the course of Willow Creek, a tributary of
Susan River and Honey Lake. The age of Eagle Lake, and the amount, if any,
of percolation through or under the lava flow are matters on which past
conclusions have differed. The amount of any such leakage is insufficient to
affect the usefulness of the Eagle Lake as a climatic indicator.

The natural conditions affecting Eagle Lake were undisturbed until 1923.
Irrigation around the lake had been negligible in extent and other developments
within its drainage area had been insufficient to affect its water supply. In
1923 the lake was tapped by a tunnel to Willow Creek. Diversion continued
intermittently until 1935; for these years the fluctuations of the lake do not
reflect the balance between inflow and evaporation. While adequate records of
this diversion were not kept, its amount can be estimated from the partial
measurements that were made. Since 1935 the tunnel has been closed and Eagle
Lake is again reaching a balance between its inflow and its evaporation.

Direct records of the fluctuation of Eagle Lake begin with the meander
survey of 1875. Occasional records are available until 1915. Since 1915
generally adequate records have been secured.

Eagle lake receives sufficient precipitation around parts of its margin
to sustain forest growth. The lake rose from 1880 to 1915 and submerged an
extensive area around its southern shore on which there were growing trees.
This area was again exposed by the lowering of the lake since 1917. The
stumps of these trees were preserved in the 1930s so that ring counts of
their age could be made. The writer made age counts on many of these stumps
and determined the elevation of the ground on which each tree had grown.

From these observations, the period of time during which the lake was below
the elevation of the ground on which the tree had grown was determined. The
lake had not risen above such elevations during the life of the tree.

These tree records indicate the maximum stages that Eagle Lake has
reached during the past 400 years as trees of such an age are growing around
the lake just above its 1915 high water elevation.

The writer's work on Eagle Lake began in 1915 and has continued inter-
mittently to date. As in all his work on the enclosed lakes of the western
Great Basin the writer has had much cooperation and assistance from many
individuals and organizations. The sources used directly in this report are
cited where they have been used. Particular mention should be made of the
late Joseph Grinnell whose early work on the natural history of this area
called attention to what could be learned from the "stump forest" at Eagle
Take. To all of those who have assisted in this work the writer extends his
thanks.
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DATUM USED ON EAGLE LAKE

The early Land Office and topographic surveys of Eagle Lake left no
bench marks which can be defined in terms of present datum. In his work on
the tunnel project, Leon Bly set a gage in 1915 which was generally used
until U, S. G. S. datum results became available. All results used in this
report are expressed in terms of the present U. S, G. S. datum. The zero on
the Bly gage had an elevation in terms of the present U, S. G. S. datum of
5016.77 feet.

AREA AND CAPACITY

Like other similar lakes there were early reports that Eagle Lake was
very deep. The first soundings known were made by Bly in 1915. A more com-
plete survey was made by the State Department of Water Resources in 1957 and
additional work was done by the State Department of Fish and Game in 1961.
Composite area and capacity curves using all of these results are shown in
Figure 8.

INDIAN LEGENDS REGARDING EAGLE LAKE

Like most similar areas there are Indian legends regarding the past
history of Eagle Lake. Some of such legends relate to the lake having been
dry at its narrows at times prior to white settlement. There are two narrows
in Eagle Iake. The more southerly one is off from Pelican Point and the more
nQrtherly. one is off from Buck Point. The southern narrows is deeper than the
nérthern anﬁ the Indian:degends should be applicable to the northern narrows.
The lake aréa south of ‘the southern narrows includes the deepest part of the
lake. The main tributary of the lake, Pine Creek, enters the lake on the north.

The minimum elevation of the lake bed in the northern narrows is about
5088 feet. This is 3 feet lower than the minimum lake elevation of record
reached in 1937 and 11 feet lower than the elevation on which the lowest
remaining stump grew. The lake may have lowered so that the northern narrows
could be crossed by the Indians. The more probably date of any such lowering
would be in or prior to the 1840%5. Descriptive accounts of early explorers
indicate a size and shape of Eagle Lake after 1850 extending through the
northern narrows.

EARLY REPORTS ON EAGLE LAKE

The discovery of Eagle Lake is claimed by J. Goldsborough Bruff in 1850
while prospecting with Lassen in this area. James P. Beckwourth was in this
area in 1845 and may have seen Eagle Lake. Bruff's 1851 map shows Eagle Lake
with an oval shape without the actual irregular outline. Emory's 1857 map
has a correctly shaped Eagle Lake.

The first Land Office surveys on Eagle Lake were made in 1875. It was
visited in 1877 by Lt. T. W. Symons who describes the lake in the Annual Report
of the Secretary of War for 1878. Symons states that a scheme was being talked
about for bringing the water of Eagle Lake to the Honey Lake Valley. This
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could have been the reason for the lLand Office survey in 1875 before settle-
ment had occurred around Eagle Lake.

Eagle Lake is shown on the map of the "Geographic Survey West of the
100th Meridian" (Wheeler Survey) in 1878 and is described by I. C. Russell
(Monograph 11, U. S. G. S., Geological History of Lake Lahontan, 1885).

None of these early reports enable the elevation of Eagle Lake to be
defined in terms of present datum except the 1875 U. S. Land Office meander
of the lake. Some meander corners have been located. The extent of some of
the bays shown on this survey enable one to define the probably elevation of
the lake at the time of this survey. The most definite of these results is
the extent of the bay on the north side of Pelican Point. Eagle Lake would
need to be above elevation 5,111 to enable water to submerge the entrance to
this bay and to fill it.

The Wheeler Survey map shows a small island on the outer part of Pelican
Point. Levels were run to this area by the writer in 1935. From these
results it has been concluded that Eagle Lake was at elevation 5,012 feet in
1877.

ELEVATIONS REPORTED BY LEON BLY

Leon Bly was the engineer and promoter of the plan to divert the water
of Eagle Lake to Willow Creek for use in the Honey Lake Valley. His field
work began in 1915. Bly sought all sources of information on the past stages
of Eagle Lake. As there were no U. S. G. S. datum bench marks in this area
in 1915, Bly established his own gage at Gallatin's and recorded his results
in terms of the assumed datum of this gage. The zero of Bly's gage has since
been found to have an elevation of 5,016.77 feet U. S. G. S. datum. Bly
reported nine elevations of Eagle Lake from 1875 to 1915. His result for
1875 was 5,109 feet; this agrees with the writer® conclusion for the low water
elevation in 1875. Bly identified elevations from statements of residents for
1900, 1904, 1911, 1913 and 1914. These have been used and are shown on Fig. 9.

EARLY DIVERSION PROJECTS FROM EAGLE LAKE

In 1875 the Lassen Flume and Land Co. (Merrill Project) started a tunnel
to divert Eagle Lake to Willow Creek. The first Desert Land Act passed by
Congress applied to the lands this project proposed to irrigate. The history
of this project has been sought in contemporary newspaper accounts and reports.
The lower portal of the tunnel and the inlet cut to the upper portal remain.
This fragmentary information does not define the elevation of Eagle Lake at the
time this project was active.

The Eagle Lake Land and Irrigation Co. had a project to pump from the lake
over the low point in its rim to Willow Creek and Honey Lake Valley. The pump
was installed in a cove on the eastern shore of the lake north of the later
Bly Tunnel and just south of the inlet of the Merrill project. The foundation
of this pump still remains. In 1935 some of the lumber used in the flume into
which the pump discharged was along its alignment. The cut make in the ridge
can still be traced. The so-called Hutchinson house built adjacent to the pump
remained in 1935 but only the fallen frame remsined in 1962. A 1ift of about
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L5 feet would have been needed to pump into this cut over the ridge. From the
reports and newspaper accounts during the active period of this project it has
been concluded that Eagle Lake was at elevation 5112.5 at its low point in
1892.

BLY PROJECT

In 1915 Leon Bly began work on the project to lower Eagle ILake by a
tunnel to Willow Creek and to secure a water supply by reducing the area and
evaporation from the lake. This project was later taken over and built by the
Tule and the Baxter Creek Irrigation Districts. The tunnel was constructed
and operated intermittently from 1923 to 1935. The financial failure of the
project caused its abandonment.

Since 1915 generally adequate records of the elevation of Eagle Lake have
been secured. These include records by Bly, by the Districts, and in recent
years by the California Department of Water Resources. Since October 1956 the
state has maintained a recording gage on the lake.

BIOLOGY OF EAGLE LAKE

Several reports have been made on the birds and fishes of Eagle Lake.
These have included both scientific investigations and reports, and fanciful,
popular accounts. Some of these sources include comments which can be inter-
preted in terms of the elevation of the lake at the time the field work was
done. These results have been used as a general check on the more definite
results available from other sources. The most extensive account is that in
Vertebrate Natural History of a Section of Northern California through the
Lassen Peak Region, University of California Publications in Zoology, Vol. 35,
1930, by Grinnell, Dixon and Linsdale.

FLUCTUATIONS OF EAGLE LAKE 1875-1960

The available records of the elevation of Eagle Lake from 1875 to 1960
have been plotted in Figure 9 to indicate the fluctuations of the lake during
this period. For the earlier years when actual observations were infrequent
the fluctuations between points of record have been interpolated on the basis
of the indices of wetness applicable to this area. These indices have been
previously discussed.

The fluctuations shown in Fig. 9 are the historical results. Prior to
1925 these reflect the relationship of inflow to evaporation from the lake.
From 1923 to 1935 the lowering shown is the combined result of below average
inflow and diversion through the Bly Tunnel. After 1935 the inflow and
evaporation are on their pre-tunnel basis.

RESULTS BASED ON SUBMERGED TREES

The preceding discussion of the fluctuations of Eagle Lake since 1875
has been based on the cbservations of the elevation of the lake. Prior to
1875 other sources of information have to be used if the fluctuations are to
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be derived. For Eagle Lake there is an extensive record left by the stumps
of trees which grew prior to 1875 that were killed by the later rise of the
lake. The forest growth on parts of the shore of Eagle Lake furnishes an
unusually good record for interpreting past elevations of the lake.

The stub forest at Eagle Lake has been noticed and described in articles
and reports since 1881l. Definite attempts to correlate the age of these trees
and the elevations of the ground on which they grew with the fluctuations of
the lake were not made in any early reports found by the writer. Beginning in
1931 the writer made numerous counts of the annual rings of these stumps and
determined the elevation at which they had grown. While decay had occurred by
the 19305, there were numerous stumps on which full ring counts could be secured.
At present nearly all stumps have decayed to an extent which prevents securing
similar results.

The formerly submerged portions of these drowned trees were preserved by
the water during their period of submergence. They had generally broken off
at about their depths of submergence. When the lake receded following its
maximum stage in 1917, the stumps remained on the unwatered areas. By using
the records of lake elevation in recent years, the year in which the lake rose
so as to submerge the area on which a tree had grown could be determined.

From these results the period equal to the age of the tree during which the
tree grew could be derived.

The appearance of this stub forest in recent years is shown in Figures
10 to 15. Figure 10 is an aerial view showing the general extent of the area
at the south end of the lake submerged in 1917 on which these treesgrew. The
lake in 1961 was at about the elevation of the lower stump. Gallatin's Beach
is in the foreground and Pike's Point in the middle distance.

Figures 11 to 15 are views of portions of the stub forest taken at various
times from 1921 to 1955. They show the general character of the trees in the
stub-forest and their progressive deterioration over this period. The old
trees had fallen by 1955 and decay of the stumps was well advanced. The start
of the natural reforestation of this area also shows in some of the later views.

The tree ring counts on the stumps of these submerged trees have been used
by the writer only to determine the total age of the trees. Some preliminary
work was done on the thickness of the individual rings as a possible basis for
interpreting the annual water supply during the period of growth of the tree.
While there were noticeable variations in the thickness of the individual
annual rings, the uncertainty regarding the effect of sub-irrigation from the
lake, which might be harmful or beneficial, depending on the lake stage, was
considered to be too great to justify detailed study of tree ring thicknesses.
Narrow rings might reflect the difficulty of the tree in maintaining itself
with the .uke approaching the elevation at which the tree grew, or they might
reflect reduced growth resulting from drouth due to low lake stages. In some
stumps the outside rings were narrow which probably indicates the harmful
effect of high water as the lake rose to a height sufficient to kill the tree.

Table 7 shows the results of the ring counts recorded by the writer.

Many more counts were made but not recorded where younger trees were found at
similar elevations to older trees. Table 7 also includes the computed dates
at which the oldest tree at each elevation was killed.

The results in Table 7 have been plotted in Figure 16. The interpreta-
tions of the writer regarding the past stages of Eagle lLake are also shown.
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Figure 10.

General View of Stub Forest Area at South
End of Eagle Lake. Taken in 1961.

Courtesy of California Department of
Water Resources.




Figure 11.

Submerged Tree in Eagle Lake, 1921.

From Vertebrate Natural History of a
Section of Northern California through
the Lassen Peak Region, by Grinnell,
Dixon and Linsdale. University of
California Publications in Zoology,
Vol. 30, 1930, Fig. 128.




Figure 12.
Stub Forest at South End of Eagle Lake, 1925.

From Vertebrate Natural History of a Section of Northern
California through the lassen Peak Region, by Grinnell
Dixon and Linsdale. University of Californisa Publicat;ons
in Zoology, Vol. 30, 1930, Fig. T1.

Figure 13.

Stub Forest at South End of Eagle Lake.

Taken in.l93h by S. T. Harding to show trees killed
by the rise of the Lake prior to 1917.
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Figure 1L.
Stub Forest Area at South End of Eagle Lake.

Looking west from Gallatin's. Stephen T. Harding is standing by

one of the trees. Taken in 1934 by S. T. Harding.

Figure 15.

Remains of Stub Forest at South End of Eagle Lake and
West of Gallatin's in 1955. Taken by S. T. Harding.
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The controlling tree in these results is one growing at elevation 5099
having about 100 rings. This tree grew on ground eight feet lower than any
other; the writer examined the entire lake shore in the 1930's, from Speldings
around the south end to the inlet of the Bly tunnel, and found no stumps on
ground as low as this particular stump.

The appearance of this lowest stump is shown in Figures 17 and 18. Shortly
after the picture in Figure 18 was taken, this stump was overturned. It grew
where its roots were firmly imbedded in rocky soil. Its roots were exposed by
erosion around the stump and could be followed into the soil under the stump.
The heart wood had decayed but a direct count of 80 rings was obtained with a
part of the diameter, probably representing in excess of 20 rings, not count-
eable. An age of 100 years has been used; the actual age is probably somewhat
greater. This stump grew on Pikes Point about one-half mile west of Gallatins.

The sturdiness of this stump and its persistence in remaining in place is
in contrast to the record of similar trees that grew at higher elevations which
have decayed and disappeared. Its recent condition is shown in Figures 17 and
18. There had been no measurable change in its condition between 193&, when
first examined by the writer, and 1961, except possibly some increase in the
central decay. The outer wood has remained firm.

CARBON-14 DATING OF LOWEST STUMP

In the writer's earlier work on Eagle Lake it had been assumed that all
of the stub forest had been killed during the rise of the lake which culminated
in 1917. On this basis the lowest stump would have been submerged in about
1850 and have grown from 1750 to its submergence.

In 1962 the California Department of Water Resources secured = a sample
of the wood of this lowest stump growing at an elevation of 5099 feet. This
sample was Carbon 14t dated by the Scripps Institute of Oceanography. The age
was reported as 44O £ 100 years. This result requires that a new interpreta-
tion be placed on the fluctuations of Eagle Lake prior to about 1600.

If this lowest stump is 440 years old it would have been killed in 1522.
This date is subject to a variation of as much as 100 years in either direction;
the mean result has been used. This places Eagle Lake at elevation 5099 in
1520. For this tree to have reached an age of 100 years in 1520, Eagle Lake
would have had to have been below elevation 5099 continuously from 1420 to 1520.

For this lowest stump to have been preserved since 1520 it would either
have been continuously submerged, or periods when Eagle Lake fell below
elevation 5099 would have to have been relatively brief. Acceptance of the
Carbon 14 dating places Eagle Lake generally above elevation 5099 from 1520 to
1930. :
The record of the higher stumps on Eagle Lake defines the elevation above
which the lake did not rise for the times controlled by their age and the ele-
vation of their stumps. As far as known to the writer no C-14 datings have
been secured on these higher stumps. The present condition of these higher
stumps supports the conclusion that they grew in the period immediately
preceding their submergence since 1860. They have been plotted on Figure 16
on the basis of this conclusion.

On Figure 16 the interpreted elevation of Eagle Lake from 1650 to 1850 has
been based on the assumption that the lake remained low enough for these trees
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Figure 17.
Lowest Stump on South Shore of Eagle lake.

H. H. Harding (6 ft. 3 in.) is standing at the side
of this stump. Taken in 1935 by S. T. Harding.

Figure 18.

Lowest Stump on Eagle Lake
in 1961.

Shortly after this picture
was taken this tump was
pulled over. Taken by S. T.
Harding on June 3, 1961.




to have grown in this period. If Eagle Lake had risen materially above the
elevation shown on Figure 16 in this period, the period of growth of these
higher trees would have been some earlier period of similar lake elevation.
Bagle Lake may have fallen below the elevation shown in Figure 16 between
1650 and 1850. The lake probably fluctuated in this period below the line
shown on Figure 16, but it did not fall low enough to expose the lowest stump
long enough to have caused its decay.

The conclusion that all but the lowest of the submerged trees grew in the
period immediately preceding the rise of the lake which reached its maximum in
1917 is also supported by the condition of these trees in 1915. Many were
still standing as shown in Figures 11, 12 and 13.

From 1520 to 1650 the elevation of Eagle Lake is only defined at the two
ends of this period. The lake probably fluctuated between elevations 5100 and
5120 in these years. Eagle Lake could have risen as high as elevation 5122 in
this period but would have had to lower to elevation 5115 prior to 1650 to
enable the 245 year old stump at elevation 5116 to have grown before its sub-
mergence in 1895.

The most probable fluctuations of Eagle Lake from 1520 to 1650 appear to
be that shown on Figure 16. A rise to about elevation 5,120 probably occurred,
otherwise older stumps would have grown between elevations 5115 and 5120. The
actual fluctuations between 1520 and 1650 were probably more irregular than
that shown by the generalized line of Figure 16.

MAXIMUM PAST STAGES OF EAGLE LAKE

There have been some reports that Eagle Lake has been at stages higher
than it reached in 1917 at some time in the past. The writer has found no
evidence of such stages. Eagle Lake is relatively young geologically and this
conclusion relates to the present Eagle Lake since its formation.

A limit to the height to which Eagle lLake may have risen is set by the
elevation of the low point in its rim. This is about elevation 5,160 feet or
35 feet above the 1916 elevation.

There are no signs on this rim that overflow has occurred. There are
trees on the rim on which 400 annual ring counts have been made. There are no
beaches or terraces around Eagle Lake at the elevation of this rim.

Even if Eagle Lake has not risen to its rim it may have risen above the
1917 elevation at some time since it was formed. The writer has examined the
shore of Eagle Lake around nearly all of its length and has found no beaches
above its 1917 elevation. There are beaches in loose gravel south of the inlet
to the Bly tunnel below the 1917 lake elevation. These appear to have been
formed as the lake elevation has varied in recent years. There are also
beaches on the west side of the lake where the material may be loose enough to
be subject to wave action but these are below the 1917 lake elevation.

Hubbs and Miller (Bulletin of the University of Utah, Vol. 38, No. 20)
report finding a well-defined terrace 50 feet above the existing elevation of
the lake, a beach pebble 10 feet higher and a possible terrace was seen 30
feet higher. Eagle Lake was at about elevation 5,097 at the time of these
observations. The well defined terrace would be at elevation 5,147 which would
be about 23 feet above the 1917 elevation of the lake. The possible terrace
would be about 15 feet above the elevation of the rim. J. B. Kimsey (Life
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History of the Tui Chub of Eagle Lake, M. A, Thesis 1951, University of
California, Berkeley) has reported a terrace at an elevation about 14 feet
above the elevation of the rim. He found this terrace on one of the points
projecting into the lake from its western shore. An examination of this
area was made by the writer in 1962. What appears to be a terrace from a
distance was found to be the tcp of the talus slope of the lava rock lying
at the foot of the lava flow forming the point.

If Eagle Lake has been formed since the higher stages of Lake Lahontan,
there would be no higher beaches on Eagle Lake contemporaneous with Lahontan.
It is the writer's conclusion that the elevation reached by Eagle Lake in 1917
is the highest it has reached since its formation.

INFLOW TO EAGLE ILAKE 1875 TO 1960

The inflow to Eagle Lake can be derived from the rainfall on the lake,
the gross evaporation, the change in volume in the lake and the outflow.
Information is available on each of these items.

The nearest precipitation station is at Susanville. Some short period
records indicate that the precipitation at Susanville is representative of
that on Eagle Lake. The Susanville record begins in 1889. For prior years
the indices previously discussed have been used.

In the late summer months the lowering of Eagle Lake represents the
evaporation as inflow'is very small. As previously discussed such records and
comparisons with other lakes having records for the full year support a con-
clusion that the annual gross evaporation from Eagle Lake is 3.50 feet.

Early reports assumed that the flow of the springs in the upper Willow
Creek Valley had their sources in Eagle Lake. The quality of the water from
these springs differs from that in Eagle Lake. The volume of flow from these
springs diminished in the 1930 when Eagle Lake was low but has increased in
later years when Eagle Lake has remained low. These springs appear to be fed
from other sources than Eagle Lake. The only outflow needing to be considered
is the discharge through the Bly tunnel. Some records of this are available
and its total amount can be estimated within an allowable amount of uncertainty.

Using these items relating to the water supply of Eagle Lake the inflow
since 1875 has been computed. This has been done by years. Interpolations
were made for the elevation of Eagle lake where annual records were not avail-
able. While all of the required records are not complete, the computations
are considered to furnish a basis suitable to be used in studying the variations
in the inflow.

The resulting inflow derived as described is shown in Table 8. For the
86 year period the resulting mean annual inflow is 52,000 acre-feet.

The inflow to Eagle Lake in Table 8 has varied from 8,000 to 150,000 acre-
feet in individual years. The mean for five consecutive years has varied from
23,000 to 97,000 acre-feet and for ten consecutive years from 25,000 to 87,000
acre -feet.

In Taeble 8 the inflow to Eagle Lake for selected periods since 1875 is
also shown. For the 41 years in the first three of these periods, the inflow
to Eagle Lake was 62,800 acre-feet equal to 120 percent of the 86 year mean.
For the 20 years 1916 to 1935, the next two periods, the inflow was only
31,700 acre-feet or 61 percent of the 86 year mean and about one-half of the
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preceding 41 years. For the 25 years 1936 to 1960 the inflow has been about

equal to the 86 year mean.
The preceding comparisons illustrate the widely variable water supply

conditions to which areas in the western Great Basin are subject.

The annual inflows derived in Table 8 were computed in terms of their
percentage of the 86 year mean and the accumulated departure from the mean
determined. The results are plotted in Figure 19. TFigure 19 illustrates the
period of increased inflow starting in 1899 and continuing to 1917 and the
deficient inflow from 1917 to 1937. There has been only limited recovery in
the elevation of Eagle Lake since the closing of the Bly Tunnel. Since 1937
Eagle Lake has remained at stages generally lower than prevailed from 1875

to 1899.
INFLOW TO EAGLE ILAKE FROM 1420 TO 1850

The fluctuations of Eagle Lake derived from the submerged trees can be
used to compute the inflow to the lake for periods prior to the direct
observations of lake elevation. This has been done in Table 9 using the
fluctuations shown in Figure 16.

For the 100 year period in which the lowest stump grew the indicated
inflow to Eagle Lake is 85 percent of the 430 year total period. This is
the largest difference from the mean of any period of similar length.
Whether this tree grew from 1420 to 1520 as indicated by the C-1l4 dating,
this stump could only have grown during some 100 year period of similar
inflow.

For the other periods from 1520 to 185C shown in Table 9 the average
variation from the mean was 10 percent or less. The longer periods probably
included shorter ones of both greater and less variations from the mean than
are indicated for the longer periods.

The record of the submerged trees around Eagle Lake supports the
following conclusions:

1. These trees show elevations above which Eagle Lake has not risen
during the period of growth of each tree. They do not show how
much lower the lake may have fallen during their period of growth.

2. Acceptance of the C-14 dating of the lowest stump places its time
of growth from 1420 to 1520 A. D. Whenever it may have grown there
was a 100 year period when Eagle lLake remained lower than it has
been for any similar length of time since.

3. Eagle Lake reached an elevation in 1917 higher than any it had
reached for the preceding 300 years and probably higher than it
may have reached at any time in its past.

L. From 1875 to 1915 the inflow to Eagle Lake exceeded that of any
period since 1650 A. D.

5. The reduced inflow since 1917 and the effect of diversion through
the Bly Tunnel lowered Eagle Lake in 1935 slightly below the eleva-
tion at which the lowest stump could grow. The lake would not have
reached this elevation without the diversion through the tunnel.
Since 1935 Eagle Lake has risen above this elevation about eight

feet.
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How Eagle Lake may have fluctuated below the elevations con-
trolled by the submerged trees from 1640 to 1840 A. D. is not
shown by the available tree records. The lake probably at
times fell below the line shown on Figure 16 as the elevation
above which the lake could not have risen without killing the
trees which were killed after 1875. How lengthy such periods
may have been and how low the lake may have fallen is not de-
fined by the tree records. If the lake had lowered below the
elevation of the lowest stump for any lengthy period since 1550
A. D., this stump would probably have decayed and not been
preserved until the lake fell below its elevation in about 1930.

EFFECT OF DIVERSION THROUGH BLY TUNNEL

Diversions were made from Eagle Lake through the Bly Tunnel from 1923
to 1935. These were irregular in time and in amount. Based on available
records the writer has estimated that the total amount was 295,000 acre-
feet. The period of diversion was one of reduced runoff and Eagle Lake would
have lowered in these years if there had been no tunnel outflow.

Enclosed lakes adjust their elevations to variations in their inflow by
the changed loss by evaporation as the lake area rises or falls. A routing
of Eagle Lake was made based on no outflow having occurred. For the period
of diversion Eagle Lake lowered 27 feet. The routing indicated it would
have lowered 17 feet with no tunnel and would have been 10 feet higher in
1935 without the tunnel than its actual elevation.

Since 1935 Eagle Lake has been gradually reducing the effect on its ele-
vation resulting from the tunnel diversion. The smaller actual lake area
than the area would have been without tunnel diversion results in smaller
evaporation then would have occurred without diversion. A routing of Eagle
Lake from 1935 to 1960 as it would have fluctuated without tunnel diversion
indicates that the lake would only have been one foot higher in 1960 without
tunnel diversion than its actual elevation. In 1960 Eagle Lake had risen
eight feet from its 1935 elevation. Without tunnel diversion the ten foot
higher elevation than the actual in 1935 had been reduced to one foot.

QUALITY OF WATER

The water in Eagle Lake contains more solubles than are desirable in use
for irrigation but is not brackish.

A considerable number of analyses of the water in Eagle Lake are avail-
able from 1922 to 1958. During this period the volume in the lake has varied
from 1,120,000 to 330,000 acre-feet. From 1923 to 1935 the draft through
the Bly Tunnel removed about 30 per cent of the water that was in the lake
in 1923.

A complete analysis of a sample of the water in Eagle Lake in 1922 was
made prior to any diversion through the Bly tunnel. This showed a total con-
tent of solubles of 752 p.p.m. This represented a total soluble content of
1,080,000 tons in the 1,060,000 acre-feet then in the lake. By September
1928 the volume in the lake had decreased to 780,000 acre-feet with a total
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mean solubles of 2 samples of T45 p.p.m. and a total tonnage of salts of
800,000. By 1928, the estimated discharge of the Bly Tunnel had been
165,000 acre-feet. From 1922 to 1928 the diversion through the Bly tunnel
accounted for about 60 per cent of the reduction in the storage in the lake.
The rest was accounted for by the excess of the evaporation over the inflow.
The six years, 1923 to 1928, had an inflow of 50 per cent of the long time
mean.

At the end of the diversion through the Bly tunnel in 1935 an anlysis
of the lake found 1077 p.p.m. resulting in a total of 350,000 tons in the
lake.

During the period of diversion through the tunnel from 1923 to 1935 the
295,000 acre-feet diverted had a probable average soluble content of 1.4 tons
per acre foot or a totel of 410,000 tons. The decrease in total) tons of gol-
ubles in the lake from 1923 to 1958 was 565,000 acre-feet.. About 72 per-
cent of the reduction in total solubles in the lake appears to have been
accounted for by diversion through the tunnel.

The preceding results have been based on single samples of the lake
water. For this extent of sampling the results are probably as consistent
as may be expected.

Since 1935 more frequent samples have been enalysed by the California
Department of Water Resources and for the writer by the Plant Nutrition Labo-
ratory of the University of California at Berkeley. For 14 samples from 1935
to 1958, the total tonnage of solubles in the lake has varied from 425,000
to 555,000 tons with an average of hgo,ooo tons.




PYRAMID AND WINNEMUCCA LAKES
INTRODUCTION

Pyramid and Winnemucca Lakes receive the undiverted runoff of the Truckee
River. At its higher recent stages Pyramid Lake had an area of about 130,000
acres, a maximum depth of about 350 feet, and contained 25,000,000 acre-feet.
At its highest recent stage Winnemucca Lsake had an area of about 60,000
acres, a maximum depth of 80 feet, and contained a volume of 3,500,000 acre-
feet.

As the result of the diversions from the Truckee River, the inflow to
these lakes is now insufficient to maintain their former areas. Winnemucca
Lake became dry in 1939 and Pyramid Lake is lowering at an average rate of
about 1.5 feet per year.

In deriving the early runoff of the Truckee River based on the evapora-
tion of the enclosed lakes into which it discharges, it is necessary to con-
sider both Pyramid and Winnemucca Lakes. Prior to recent changes in the ares
of overflow Truckee River divided between the two lakes and at its higher
stages Pyramid ILake overflowed to Winnemucca Lake through Mud Slough.

Winnemucca Lake has received only intermittent inflow since 1911. Some
inflow has occurred when Pyramid ILake is below the elevation of overflow to
Winnemucca Lake as the Truckee River, at times, divided on its delta and the
eastern branches reached Mud Slough. Winnemucca Lake is now shut off from
further inflow from the Truckee River by the closed highway fill across Mud
Slough.

The Truckee River is the largest of the streams on the eastern slope of
the Sierras which discharges into enclosed lakes in the western Great Basin.
The pioneer trail to California over Donner Pass followed the Truckee River
for much of its length. However it reached the river about 20 miles above
Pyramid Lake and the diary accounts by the early emigrants do not help to
define its early stages. The first direct account is by the Fremont expedi-
tion in 1844, Other sources enable a fairly adequate record of the fluctua-
tions of these two lakes to be derived from 1844 to 1926. In 1926 the
Truckee River Water Master installed a gaging station on Truckee River just
above Pyramid Lake and a record of the inflow has been secured since that
year.

The precipitation on these two lakes is insufficient to support tree
growth. Some trees have grown along the inlet channels. Stumps along these
channels give an indication of lake stages prior to 18k4k4,

There is a marked white line on the rocks around both lakes which was
deposited at former but recent lake stages. Pyramid Lake has submerged this
line at some times within its observed history. This line on Pyramid Lake
is level and is above the elevation of the recent overflow to Winnemucca
Lake. The white line on Winnemucca Lake is similar to that on Pyramid Lake
but at a lower elevation indicating that the inflow within the period when
these lines were formed was not large enough for Winnemucca lake to rise to
the elevation which would submerge their connecting channel.

The writers work on the Truckee River began in 1917 in connection with
the adjudication of the water rights on the river. His engineering work
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relating to Lake Tahoe and the Truckee River continued intermittently until
1962. Beginning in the 1930's, studies of these two lakes were undertaken

as a matter of personal interest. Much of the writer's work was done in asso-
ciation with the late E. P. Osgood. Numerous field trips and library
searches have been made during the past 30 years. The conclusions expressed
in the report are based on the results of gll of this work.

As in all similar work the writer is indebted to many individuals and
sources for assistance. E. P. Osgood has been mentioned. George Hardman
with Cruz Venstrum has also done much work on these lakes and their results
have been of much help. The first Truckee River watermaster, the late
Harry C. Dukes, started the record of the inflow from the Truckee River and
assembled early records on Pyramid Lake. Harry B. Richards made available
the records of the Truckee Carson Irrigation District. To these and many
others the writer is glad to express his obligation for their assistance.

AREA AND CAPACITY

The only available soundings of Pyramid and Winnemucca ILakes are those
made by I. C. Russell in 1883. Fig. 20 is a reproduction of Plate IX of
Russell's Geological History of Lake Lahonton (U. S. G. S. Monograph 11-1885).
The areas within each sub-lacustral contour shown on Fig. 20 were scaled and
area and capacity curves derived. These results are shown in Fig. 21. These
results are in general agreement with the area shown for these lakes on the
recent Nixon and Lovelock U. S. G. S. sheets for the area and elevation of
the lakes at the time these sheets were surveyed.

THE WHITE LINE ON PYRAMID AND WINNEMUCCA LAKES

Around the shores and on the islands in these lakes there is a promi-
nent white line. On Pyramid Island this deposit forms a shelf. Generally
it is a deposit from the waters of the lake, partly a chemical concentration
and partly a band deposited by lake growths. It has a uniform elevation
around each lake with the white line on Winnemucca Lake about 15 feet lower
than that on Pyramid Lake. It has the appearance of being a recurrent ele-
vation which the lakes have reached with sufficient frequency and duration
to have formed the deposits of which it is composed. Fremont noted this line
in 184k and interpreted it to be the elevation to which Pyramid Lake rose
during the spring inflow. As the lake was 12 feet below the white line when
Fremont first saw it, evaporation would not have caused this much lowering
since the preceding spring.

Pyramid Lake has risen above the elevation of its white line three times
for a total of about 12 years from 1860 to 1900. It has retained its prom-
nence and identity since before 1844 although it has not been submerged in
the last 7O years. The white line has been used as a reference from which the
elevation of the lake and other features around the lake can be defined in
terms of the present datum of the U. S. Coast and Geodetic Survey.

On Pyramid Island there is a shelf which has been formed on the side of
the island just below the white line. This is five to 15 feet wide and is
most marked on the eastern or inshore side. Figure 22 is a picture of the
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shelf or terrace showing also the white line on the adjacent inshore rocks.
Figure 23 is a general view showing Pyramid Island and the adjacent shore.
The shore which has been exposed by the lowering of the lake shows a marked
color contrast with the rocks above the white line. The recent periods when
the lake was above the white line did not have a sufficient duration to leave
a similar whitening of the rocks above the main white line. The shelf on
Pyramid Island is a deposit on the slopes of what appears to have been the
original form .of the island rather than a terrace cut into the original rock.

There are reports of springs that discharged above the lake elevation
from the sides of Pyramid Island. In the U. S. Geological Exploration of
the LOth Parallel (Vol.2, p. 822, 1877), Arnold Hague states:

"The pyramid which gives the name to the lake is a tufaencrusted
island --- has a warm spring about half way up its slopes --- the
terrace beaches are also indistinctly brought out on the pyramid."

The spring reported by Hague has not had a noticeable flow in recent
years. The water in the lake has been warmed by the small flow from springs
near the recent elevation of the lake.

The Pyramid Island shelf appears to have been formed by the deposit of
tufa resulting from the flow of springs from Pyramid Island. The lake would
need to have been at or near the elevation of the shelf in order for such
tufa deposits to be made. Such springs no longer exist at this elevation.
This does not detract from the above conclusion as past reports indicate
that the present conditions differ from those within the historic past. The
absence of similar tufa deposits on other rocks around the lake just below
the white line can be accounted for by the absence of springs near such rocks.

As the formetion of this tufa shelf on Pyramid Island would occur
slowly, the above conclusion regarding how it was formed indicates that in
recent times Pyramid Lake has been above the white line for only limited per-
iods but that it has been at or near the white line for sufficient periods of
time in the past to have enabled this tufa to form. As is brought out later,
the elevation of the shelf on Pyramid Island is related to the elevation of
overflow to Winnemucca lake.

The main white line on Pyramid Lake is a band which varies in width.
There are some less pronounced white lines st other elevations. The most def-
inite white line has been levelled in at several locations and at different
times by the writer and others. From all of these results an elevation of
3872.5 feet present datum has been adopted by the writer for the top of the
main white line.

ELEVATIONS OF PYRAMID LAKE PRIOR TO 1844

There are no known direct records of the elevation of Pyramid Lake prior
to 1844 when Fremont's report ensbles the elevation to be determined at the
time he travelled around the lake. There are two indirect records which have
been found. These are based on the stumps of trees which grew along the
inlet channel of Truckee River at elevations lower than that of the lake in
1844, and on the exposed cross-section of the Truckee River delta resulting
from its ercsion following the recent lowering of the lake.

Russell (1882) quotes George Frazier, a local resident, as stating that
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Figure 22.
Pyramid Island.

View from point somewhat north of the position from which

pictures in King's and Russell's reports were taken.
E. P. Osgood is in the foreground. Taken May 16, 1937.

View of Pyramid Island from the Southeast.
Taken June 18, 1934 by S. T. Harding.
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dead trees were standing in Pyramid Iake in 1862 as evidence that the lake
had risen previous to that year. Neither Fremont, King or others who have
described the lake prior to 1882 mention such trees. Trees submerged in 1862
in Pyramid Lake would have remained submerged, except for brief periods,
until they were exposed since 1920 by the continued lowering of the lake. A
search for such stumps was made by the writer in 1939. They would be found,
if at all, on the delta of Truckee River as this stream was the only source
of water supply for their growth. The remmnants of such trees were found in
1939. Figure 24 is a picture of one such stump. The lowest stumps found
grew on gromd at about elevation 3857. Decay had progressed too far for
ring counts to be made. As they were rapidly growing willows or cottonwoods
their size indicated ages of 15 to 20 years. They grew at elevations about
four feet lower than that of the lake in 1844. Their growth indicates a
drier period from about 1820 to 1844 during which the inflow to Pyramid Lake
had been insufficient to maintain the lake at its 184Y4 elevation.

The Truckee River deposited its load of eroded material on its delta
which extended into the southern end of Pyramid Lake. Russell in 1882 shows
a generally smooth shallow area of the lake around its southern end breaking
off into greater depths at the face of this deposit (Figure 20). Since
Pyramid ILake has lowered below this deposit the Truckee River has cut a chan-
nel through its former delta exposing a section of the former deposits 20 to
25 feet thick. A typical view of such an eroded bank is shown in Fig. 25.
This shows the usual type of delta stratification. These strata are thicker
near the upper part of the delta becoming thinner near the former shore lines
of the lake. This recently eroded inlet channel is generally about one-half
mile wide.

This evenly sloping delta area within the lake was below the elevations
to which Pyramid Lake rose prior to 1820. It ended in a steep front extending
down to meet the general pre-delta lake bed surface. This front was 25 to
30 feet in height and is a feature of the present exposed topography of the
southern end of the lake. Pyramid Lake was at elevation 3867 feet when
Russell's sounding were made in 1882. He shows an area about a mile wide
around the southern shore having depths of water of from three to five feet.
Part of this area would have been exposed when the trees whose stumps remained
in 1939 were growing.

This steep break in the lake bed within the zone of recent variation in
lake elevation provides a basis for interpreting some of the recent history
of Pyramid Lake. If the lake had lowered much below the top of this even
slope, the additional grade of the Truckee River would have resulted in its
cutting through its delta similar to its recent action. The top of the
steep slope represents an elevation below which the lake has not lowered for
any lengthy period during the time the present delta was being deposited.

Levels were run to the top of this steep slope and elevations varying
from 3851.5 to 3853 were obtained. This break in the slope would be within
the lake at the time it was formed and represent a lake elevation of about
3855. It is considered that the lake did not fall below elevation 3852, ex-
cept for some short periods, during the time when this delta was being depos-
ited.. There is no definite basis on which the time required for Truckee
River to supply the former delta deposit' can be computed, but the volume of
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Figure 2l

Stump of Tree which grew on Delta of Truckee River.

The area on which this tree grew has been exposed by the
lowering of Pyramid Lake. Taken July 11, 1939 by S. T. Harding.

Figure 25.

Eroded Bank of Truckee River in
Former Delta in Pyramid Lake.

This view shows the south bank
over 20 feet high 5/8 mile west
from spill of Truckee River.
Yellow gravel strata are inter-
bedded with silt layers. This
area is too low for any roots
of former trees to show. Taken
September 16, 1958 by S. T.
Harding.




the deposit indicates that a relatively long period would be required. It is
the writer's conclusion that Pyramid Lake has not been below elevation 3852,
except perhaps briefly, for a period exceeding 200 years prior to the life

of the trees on the delta whose stumps remained in 1939. The lake would need
to be at or below elevation 3852 for 15 to 20 years prior to 184k to permit
the growth of these trees.

ELEVATION OF PYRAMID ILAKE IN 18LL4

Fremont travelled along the east side of Pyramid Leke in January 184k,
His diary enables the existing elevation of the lake to be determined. He
states that "by the mark of the waterline along the shores, the spring level
is @bout 12 feet above the present water". This water line is the present
white line and Fremont's statement places the lake at elevation 3860.5 in
January 1844k, TFremont's report also contains a sketch of Pyramid Island and
his camp on the adjacent shore. This sketch from Fremont's report of his 1842
to 1844 expedition is reproduced here as Fig. 26. The writer took this sketch
to the area and by lining up the various features shown found the rock on
which Fremont's artist Charles Preuss probably sat when he made the sketch.
By identifying the water line on the different rocks and securing its eleva-
tion from present levels, the elevation of the lake was determined to have
been 3860.5. This confirms the quotation above from Fremont's diary.

Fremont also camped at the mouth of Truckee River. His diary and map
indicate that there was no flow from Pyramid Iake to Winnemucca Lake in Jan-
uary 184k,

OTHER EARLY REPORTS

The Surveyor General of California in his report for 1856 describes the
observations he made on a trip down the Truckee River to Pyramid Lake. His
account of the conditions at the division of flow between Pyramid and Winne-
mucca ILake has been interpreted by the writer to represent an elevation of
3860 feet for Pyramid Lake in 1856.

De Groot's 1861 Map of Nevada Territory gives some information relating
to the stage of Pyramid Lake although the lake is incorrectly shaped on the
map. From the conditions shown at the division of the flow of Truckee River
between Pyramid and Winnemucca Lakes the writer has concluded that Pyramid
Lake had risen to the elevation of overflow to Winnemucca Lake by 1861 but
that the amount of any such flow to Winnemucca Lake had not been sufficient
to create more than a small lake there.

The U. S. Geographical Surveys West of the 100th Meridian (Wheeler Sur-
vey, 1879) includes a brief account of explorations in and around the Pyramid
Lake area in 1865 and 1866. While Williamson's report includes some infor-
mation which is helpful in deriving the then size of Winnemucca ILake it does
not enable the elevation of Pyramid Lake to be defined. His description of
Pyramid Lake indicates that it had risen above the elevation of overflow to
Winnemucca Lake since 1856.

The U. S. Geographical Exploration of the 4Oth Parallel, ( King Sur-
vey, 1878) included field work from 1867 to 1872. For the first time an
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Photograph of

Plate on page 216 of Fremont's report of
1842-184) EXPEdition. is

This plate is based on a sketch by Preuss. It is a fairly accurate
rendering of the relative position of the inshore rocks as well as the
form of the Island. It was used to locate the 184k water line from
which levels to present day elevations were taken.




actual photograph was made of Pyramid Island from which its elevation at the
time it was taken can be derived. King reports that Pyramid Lake rose nine
feet from 1867 to 1871. While the photograph of Pyramid Islend is definite,
the date at which it was taken is uncertain. This picture of Pyramid Island
(Plate XXXIITI in the King report) is reproduced here as Figure 27. A picture
taken by the writer from the same point is shown in Figure 28.

By identifying several points on the water lines shown in the King Photo-
graph in the field and determining their elevation, the writer has concluded
that the lake was at elevation 3876 when this photograph was taken. This result
agrees with the conclusion of Hardman and Venstrom and is consistent with the
comments by Russell. (American Geophysical Union, Transactiors of 1941, pp.7l-

90)

Whether the King photograph was taken in 1867 or 1871 materially affects
the resulting figures for inflow to Pyramid Lake between these dates. If it
was taken in 1867 and the lake rose nine feet by 1871, the 1871 elevation
would be 3885 feet. If the photograph was taken in 1871 Pyramid ILake would
have been at ekvation 3867 in 1867, and at elevation 3876 in 1871. All of the
available references and reports that he could find have been reviewed by the
writer in an effort to determine the date of this photograph. The reports of
the field work credit this photograph to O'Sullivan. He worked in this area
in 1867 and may not have revisited it in 1871. The nine foot rise between
1867 and 1871 is consistent with other general water supply information for
these years. However the rise to 1867 based on similar general information
would not be large enough for Pyramid Lake to have reached elevation 3876 in
1867. Also an elevation of 3885 is not consistent with the elevation by
Russell in 1882.

From their study of these records, Hardman and Venstrom concluded that
this photograph was taken in 1871. The writer has reached the same conclusion
in his separate investigations. The elevation of Pyramid ILake in 1867 of 3867
feet and in 1871 of 3876 feet has been used.

OTHER RECORDS PRIOR TO 1882

There are some general records applicable to Pyramid ILeke prior to 1882.
Russell quotes a local settler, George Frazier, whowasa trader and also handled
fish sales for the Indians. He should have been in close contact with local
conditions. Frazier reported that Pyramid Lake rose 10 to 15 feet in 1868,
that it continued to rise in 1869 with overflow to Winnemucca Iake in these two
years. These yearswere withinthe 1867 to 1871 period in which King reports a nine
foot rise. By inference at least, Frazier's statement can be interpreted to
mean that overflow did not occur in 1867. King's results are probably based on
more definite measurements and have been used with Frazier's comments serving
to place most of the nine foot rise in 1868. Some lowering may have occurred
in 1870 and 1871.

Russell also quotes Frazier to the effect that a gravel bar closed the
channel to Pyramid Lake in 1876 with all Truckee River flow going to Winne-
mucca Lake.

Sheets B and D of the Atlas Sheets of the U. S. Geographical Survey West
of the 100th Meridian show Pyramid Lake at elevation 3848 and Winnemucca at
3825. Presumably these observations were made at the same time and represent
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Figure 27.

Pyramid Island and Inshore Rocks.

Reproduction of Plate XXIII of King's Report of the
Exploration of the 4LOth Parallel.




Figure 28.

Tufa Domes opposite Pyramid Island.

View from the same position from which Plate XXIII
in King's Report of the Exploration of the 4Oth
Parallel was taken. Taken July 11, 1939 by S. T.
Harding.




a difference of 23 feet between the two lakes in 1879. These results are
later than those of King which give differences of 80 feet in 1867 and 67
feet in 1871. All of these results are based on barometric observaetions as
there were no sea level surveys in this area at that time.

The saw mills on the upper Truckee River sent large amounts of saw dust
down to Pyramid Lake in the years when there was extensive lumbering to supply
the Virginia City mines. This saw dust is reported to have caused changes
in the channel to Pyramid Lake and at times to have increased the flow to
Winnemucca Lake.

RUSSELL'S RESULTS IN 1882

Monograph 11 of the U. S. Geological Survey of I.C. Russell is entitled
Geological History of Lake Lahontan (1885). Tt has become the classic de-
scription of 'Lake Lahontan. 'It also'contains much information regarding the
present Pyramid Lake. Russell's tield work was done in 1382.

Russell's report includes several plates which are photographs of rocks
around the lake on which the existing water line can be identified in terms
of present datum. TFigure 29 is a view in the Needles which is Russell's
Plate XIITI. A similar picture taken in 1937 by the writer is shown in Figure
30.

Russell also shows three rocks in the southeast part of the lake which
extended above the water in 1882. He measured the height of each rock above
the then lake surface. These rocks were out of water in 1939 when the writer
took their picture (Figure 31) and measured their heights above the white line.

The results from the interpretations of four photographs and the three
rocks gave a mean elevation of Pyramid Lake in 1882 of 3866.9 feet. Harry C.
Dukes, using adjustments for changes in datum, derived an elevation of 3866.82
feet on Sept. 9, 1882, based on Russell's reported elevation on that date.

This is a ciose agreement and Dukes' result has been used.

RESULTS FROM U. S. G. S. QUADRANGLE SHEETS

The early quadrangle sheets covering Pyramid Lake were based on the
Wheeler Survey. The elevations shown for the lake are not convertible to
present datum.

The Wadsworth 1894 sheet was based on topography taken in 1890. Pyramid
Lake is shown at elevation 3880. This is subject to a reduction of L4.18 feet
for present datum.

The recent (1957) Lovelock, Nixon, and Sutcliffe sheets are based on
aerial photographs. These were made at a time when direct observations on the
elevation of the lake were being secured and are not needed to determine the
lake elevation at the time these surveys were made.

RESULTS 1867 TO 1926

Records during this period were sought and compiled by A. B. Purton in
1934 while District Engineer for the U. S. G. S., and by Harry C. Dukes, then
Truckee River Water Master. These results are shown in Table 10. The values
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Figure 29.
Among the Needles, Pyramid Lake, Nevada.

Plate XIIT of Monograph 1l of the U, S. G. S. Geological history of
Lake Lahontan by I. C. Russell. This view is dated 1882.

Figure 30.

Among the Needles, Pyramid Lake, Nevada.

The same view as Plate XIIT of Russell's Geological history of Iake
Lahontan, Monograph 11 of the y, S. Geological Survey.

Taken September 12, 1937 by S, 7. Harding.
2




Figure 31.

Picture of the X, Y, and Z rocks shown on Plate IX of Russell's
Monograph 11, Geological History of Lake Lahontan.
Taken July 11, 1939 by S. T. Harding.







derived by Duke have been used by the writer.

Duke's list includes records in 1890 and 1891 secured by Jones from
= Sutcliffe. Sutcliffe was the early settler on the west shore of the lake
at what is still known as Sutcliffe. These records were based on the
elevation of rocks which were laid bare by the lowering of the lake in 1889
and covered by the rise in 1890. These results represent a rise of 17 feet
in the very wet year of 1889-90. This year had the maximum precipitation of
any year since the records began in 1872. Other sources indicate that Mud
Slough was closed during much of 1890. The rise in Pyramid Lake was
undoubtedly large and may have been as much as 17 feet.

Saw dust nearly closed the channel to Pyramid Lake in 1888 and closed it
completely in part of 1890. This caused much concern as it was feared that
Pyramid Lake would become too salty for the survival of its fish if this con-
tinued. The Indians derived their main income from the sale of Pyramid Lake
trout. A memorial was addressed to Congress by the Nevada Legislature in
1891 after the Indians had placed a dam in Mud Slough to return the flow to
Pyramid Lake. The various reports made at this time do not include direct
records of the elevation of Pyramid Lake.

In 1904 while making investigations of lands in the Reservation, the
U. S. Reclamation Service secured the 1904 elevation shown in Table 10.
Another record credited to the Southern Pacific Co. was secured in 1909.

From 1909 to 1926, the longest period without an observation of the elevation
of Pyramid Lake is 1917 to 1922.

ELEVATIONS OF PYRAMID LAKE 1903-05

Gaging stations were maintained on the Truckee River at Nixon and on
Winnemucca Slough in 1903 to 1905. These records do not include observations
on the elevation of Pyramid Lake. An analysis of the flow to Winnemucca Lake
in comparison with the total flow of Truckee River enables the remaining flow
to Pyramid Lake to be computed and the elevations of Pyramid Lake resulting
from such inflow to be derived. The writer has concluded that Pyramid Iake
was continuously below the elevation of its overflow to Mud Slough during this
period. Flow in Mud Slough appears to have occurred as the result of the
Truckee River flow dividing on its delta instead of by back flow from Pyramid
Lake. There is one 1904 record of the elevation of Pyramid Lake, previously
mentioned, which is about 1.2 feet below the elevation of inflow to the recent
channel of Mud Slough. The elevation of Pyramid Lake while these stream
records were being secured has been computed backward and forward for this
1904 elevation using the inflow and net evaporation from the lake for the
period covered by these stream flow records.

ELEVATIONS OF PYRAMID LAKE SINCE 1927

Sufficiently frequent observations of the elevation of Pyramid Lake since
1927 have been made by the Truckee River Water Master and the U. S. G. S. to

define its fluctuations. In Table 11 the available elevations of Pyramid Lake
on the first of each month based on these records are shown from 1927 to 1960.
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SUMMARY OF ELEVATIONS OF PYRAMID LAKE

The preceding discussion has included all of the information which the
writer has been able to find on the elevations of Pyramid Lake since 184k,
These have been plotted in Figure 32. An estimate of the fluctuations from
1810 to 18Lk4 has also been included in Figure 32 based on the stumps and
beach elevations on the delta of Truckee River.

The first observation is that of Fremont in January 1844 giving an
elevation of 3860.5 feet. This is defined within a narrow range. It indi-
cates that the stumps found along the inlet channel of Truckee River on land
as low as elevations 3856 had been submerged prior to 1844. Assuming that
they had been killed six or eight years prior to 184L4 in order to allow time
for the lake to rise to its 1844 elevation places the lake at an elevation of
about 3855 feet in 1837. As the size of these stumps indicates an age of 15
to 20 years, the lake would have been below elevation 3855 for this length of
time prior to about 1837. In Figure 32 the lake has been shown at elevation
3852 back to 1810. If the lake had been higher in this period these trees
would have been killed prior to 1837. If the lake had been much below
elevation 3852 in these years the regular beach formed by Russell in 1882 at
this elevation would probably have been eroded by the Truckee River inflow.

While records of precipitation in California were not begun until l8h9,
some general comments on earlier years are available. Those of General John
Bidwell have been quoted earlier in this report.

An extreme shortage or excess of precipitation in the Sacramento Valley
is usually reflected in the drainage area of Truckee River. The California
drought of 1840-41 probably occurred while the trees on the Truckee River
channel were still alive. The lower of these trees had been submerged by
184k when Fremont's record of the elevation of the lake was secured. In
Figure 32 it has been assumed that these trees were killed by the rise of
Pyramid Lake to elevation 3860.5 in 1842,

The next derived elevation of Pyramid Lake is 3860 feet in 1856. This
is closely the same elevation as in 1844, TIn Figure 32 the elevation of the
lake from 1844 to 1856 has been sketched in based on Bidwell's statements to
1850 supporting a rise with a correspornding lowering to 1856.

The next record of elevation of Pyramid Lake is in 1867 based on the
interpretation of King's Plate XXIII (See previous discussion). This indi-
cates a rise of 7 feet from 1856 to 1867. As this eleven year period included
two years of excessive runoff, Pyramid Lake was probably ebove its 1867
elevation during part of this period.

There are accounts of great floods in 1861-62 in both California and in
Nevada. These describe the great flood flows in December and January but do
not include comments from which the volume of the annual flow can be derived.
The storms causing these floods may and probably did remove much of the snow
then on the drainage areas. The total runoff of the year 1861-62 may not have
been as excessive as the rate of flow during these winter storms. A rise of
Pyramid Lake to elevation 3875 appears to be as high as the lake could have
risen and then lowered to elevation 3867 in 1867. This conclusion has been
used in Figure 32. The fluctuation of Pyramid Lake from 1856 to 1867 in
Figure 32 has been sketched in based on rises in 1860 and 1862 with sufficient
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lowering in the other years to bring the lake to elevation 3867 in 1867.

King reports a nine foot rise in Pyramid Lake from 1867 to 1871. There
are no other records between these years. The year 1868 was one of large
precipitation. Pyramid Lake may have risen 12 feet in 1868 to elevation 3879
and lowered 3 feet by 1871l. The fluctuations shown on Figure 32 have been
based on this assumption.

In 1870 precipitation records applicable to the Truckee River drainage
area began to be kept so that an estimate of the general character of the
water supply for each year can be made. Annual indices of precipitation were
derived (see previous discussion) and used to interpolate the probeble
fluctuations of Pyramid Lake between the times of direct record. This procedure
adds detail to the fluctuations shown on Figure 32. While at best such inter-
polations are uncertain in their details, the fluctuations shown in Figure 32
are considered to represent more nearly the actual fluctuations that occurred
than would be shown by straight lines connecting the points of actual
observations. Such uncertainties apply mainly to the period from about 1870
to 1910. Since 1910 records have been secured of the elevation of Pyramid
Lake with sufficient frequency to remove the need for such interpretations.

There are no direct records of the elevation of Pyramid Iake from 1871
to Russell's record in 1882. A total lowering of nine feet occurred in this
period. No extremesin the runoff in this period are reflected in the precip-
itation or other records. The fluctuation shown in Figure 32 for these years
has been sketched in to reflect the general variations in precipitation during
these years. Similar conditions and results apply from 1882 to Jones' result
for 1889.

From 1891 to 1904 Pyramid Lake was above the recent elevation of overflow
to Winnemucca Lake and probably lowered fairly steadily. The elevation of
this overflow may have been higher than 3863 feet in the earlier part of this
period and Mud Slough may have been eroded by this overflow. Pyramid Lake rose
above its white line for the last time in 1891.

From 1904 to 1926 records have been secured with sufficient frequency to
define the fluctuations of Pyramid Lake with reasonable closeness. Since 1926
monthly records of the elevation have been secured with few omissions.

Figure 32 presents the picture of the elevation of Pyramid Lake during
the past 150 years. A substantial rise prior to 1870 is shown, a lowering to
1889, a major single year rise in 1889-90, further lowering to 1904 and another
rise to 1910. After 1910 the diversions of the Truckee Canal prevent the
fluctuations of Pyramid Lake from reflecting the runoff of its tributary
drainage area.

Figure 32 shows Pyramid Lake to have been above its white line in three
periods, reaching peak elevations in 1862, 1871, and 1891. The lake was
generally above the recent elevation of overflow to Mud Slough from 1860 to
1914. This does not represent continuous flow to Winnemucca Lake as channel
conditions have changed over this period. These changes are discussed more
fully later in connection with the record of flow to Winnemucca Lake.

The results shown on Figure 32 for the fluctuations of Pyramid Lake are
considered to represent the most probable elevations insofar as the available
information permits them to be derived. These fluctuations are considered to
be adequate for use in estimating the inflow to Pyramid Lake over the period
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shown. They are used later, together with similar fluctuations on Winnemucca
Lake, in making estimates of the runoff of Truckee River for the past 150 years.

MUD OR WINNEMUCCA SLOUGH

Truckee River and Pyramid Lake discharge to Winnemucca Lake through what
has generally been known as Mud Slough. It has also been called Winnemucca
Slough. This channel had its inlet in the east bank of Truckee River and
reached the southern slope of Marble Bluff about one-half mile below its head.
The recently issued Nixon sheet of the U. S. G. S. designates this channel as
Mud Iake Slough.

Such a channel apparently existed in 1844. The map in Fremont's report
shows a small tributary to Truckee River just south of Marble Bluff. It is
shown as having a closed drainage area to the east without extending to the
area of Winnemucca Iake.

The controlling elevation of the inlet to Mud Slough in recent years,
before it was closed by construction work near its inlet, was 3863.0 feet
U. S. C., and G. S. datum. This channel in places has a rock bottom and
apparently has not had a lower elevation. It may have been higher at some
periods when it did not receive inflow. During any extended periods without
flow, wind action on the dry sand in this area may have made sand deposits in
the channel. Later large flows might erode any such deposits. In the Gibson
report to the Indian Service in 1888, cutting to a depth of six feet in Mud
Slough is mentioned as having occurred.

The discharge records in 1904-05 indicate a within-bank capacity of less
than 1000 second feet. At the higher stages of Pyramid Lake, the lake spread
over the channel banks at the inlet.

The last reported flow in Mud Slough was a small discharge in 1937 resulting

from a division of Truckee River on its delta. The last preceding flow had
been in 1928.

Several reports describe the result of saw dust dams affecting the flow
to Pyramid Lake and in Mud Slough. These dams formed in the usual process of
delta deposits. There were also artificial changes made around 1890 which
increased and then reduced the flow into Mud Slough. The record is not
sufficiently complete to define the conditions of inflow over the past 100
years except as they are reflected in the fluctuations of Winnemucca Lake.

The fill across Mud Slough for the Nixon-Gerlach highway has ended
further direct inflow from Truckee River to Mud Slough. The only Truckee
River water now reaching Mud Slough is a small amount of tail and waste water
from the irrigation laterals of the Indian Service which extend into this ares
on the east side of Truckee River. This results in standing water in the low
places along the slough but does not represent any material amounts of runoff.
Such inflow does not reach the former bed of Winnemucca Iake.

FLUCTUATIONS OF WINNEMUCCA LAKE
In order to estimate the runoff of Truckee River prior to its direct

measurement, a record of the fluctutations of Winnemucca Iake is required
for use with similar results for Pyramid ILake. Winnemucca Iake was not on
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the routes of exploration until 1855. The writer has searched for all
available information and has used the results to derive a history of
Winnemucca Lake similar to that derived previously in this report for
Pyramid Lake.

Winnemucca Lake was dry in 1844 and remained nearly dry until about
1858. It received relatively large amounts of inflow from 1860 to 1890.

There is a similar white line around Winnemucca Lake to that on Pyramid
Lake.

The first available report the writer has found relating to Winnemucca
lake area is Fremont's account of his trip in this area in January 18LkL.
Fremont came in from the north, went up San Emidio Canyon and climbed an
adjacent peak from which he could see the surrounding area. He gave an
enthusiastic account of the view of Pyramid Lake but omits any description
of a lake in the Winnemucca Lake bed area. Fremont then travelled along
the east side of Pyramid Lake and camped at the mouth of Truckee River. He
met and talked with Indians there. Fremont makes no mention of a Winnemucca
Lake and his map shows no channel between the two lakes. Fremont was looking
for a westward flowing river. If there had been a lake in the Winnemucca
Lake bed or a flow from Pyramid Lake in Mud Slough, Fremont would have noted
it and mentioned it in his diary. It is concluded the Winnemucca Iake was
dry in 1844,

In 1886, in his Memoirs of My Life, Fremont included a map of the country
he had explored. This map presumably shows the areas as he found them.
Fremont must have heard of Winnemucca Lake by 1886. His failure to include it
in this map is further indication that he did not find a lake there in 18k4k.

There are reports of Indian accounts told to early settlers of Winnemucca
Lake having been dry prior to exploration of this area by the whites. Honest
John, an Indian, told J. R. McCullough of Fernley of his grandfather having
lived on grazing land above the northwest part of the lake. Later the water
"come but go and come and go, then come and stay and make big water'". (Reported
to E. P. Osgood) Correlating ages and dates Honest John probably knew this
area from about 1850 and the filling of the lake mentioned would be since
that time.

The Pyramid Lake Indian Reservation was first created by a land with-
drawal in 1859. An Indian Service map of 1858 has been reported by Osgood
to show Winnemucca Lake about 4 miles long. For the flat bottom of the lake
this would represent a depth of only one or two feet.

The Annual Report of the Surveyor-General of California for 1856 states,
relating to Truckee River:

"The river has two mouths; one branch turning abruptly off,

within 300 yards of Pyramid Lake, and running in a circle to the

SE and NE, at five miles empties into Mud Lake, which is to the

northeast of Pyramid Iake."

This statement indicates that in 1856 Pyramid Iake was below the eleva-
tion of the inlet to Mud Slough and that any flow to Winnemucca Lake at that
time had resulted from the division of Truckee River sbove Pyramid Lake. The
1858 Indian Service map indicates that the amount of any such flow to
Winnemucca Lake prior to 1858 had been small.
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There are numerous maps of the general area which were made during
the period 1850 to 1867 which include Pyramid and Winnemucca Lakes. Some
of these were based on explorations and many were compiled for emigrant use
from the result of these explorations. Pyramid and Winnemucca Lakes were
off the mainroutes used in these years, and direct statements regarding the
i of Winnemucca Lake are lacking. Many of these early maps are described
) eat's Maps of the California Gold Region and his later Mapping the Trans-
Mississippi West.
k An examination of these maps and a review of the reports made during the
18508 indicates that Winnemucca Lake was either dry or contained o“ y small
amounts of water until 1861-62. In this year of very large runoff Winnemucca
appears to have received sufficient inflow to have had a uubstantl;,,l volume
and area.

King's Exploration of the 4Oth Parallel is the first direct report
relating to Winnemucca I

Lake. King's field work was done from 1867 to 18T1.
He reports that Winnemucca Lake was 80 feet lower than Pyramid Lake in 1867
and that Winnemucca Lake rose 22 feet between 1867 and 1871. King's map of
Winnemucca Lake was made in 1867 and shows a length of 24 miles and a maximum
width of five miles with an area of about 55,000 acres. This area represents

an elevation of 3838 feet present datum. This elevation is about 50 feet
higher than the elevation derived from King's statement of difference in
elevation of the two lakes in 1867. The differences in elevation stated by
King were probably based on barometric levels. The results indicated by the
map have been accepted.

Russell's work in 1882 (Monograph 11, U. S. G. S., Geological History of
Lake Lahontan) was the most complete survey to that date of these two lakes,
and also includes results on previous stages of these lakes based on recollec-
tions of early settlers. Russell quotes George Frazier, a local settler since
1862, to the effect that Winnemucca Lake had been low prior to 1862 but had
risen some 25 et by 1882. There were dead trees in the lake along the inlet
channel into the lake which had been submerged by 1862. A large inflow occurred
in 186€ which raised Pyramid Lake above the elevation of inflow to Mud Slough
and overflow to Winnemucca Lake occurred in 1868 and 1869. In 1876 the inlet
to Pyramid Iake was closed by a gravel bar and all of the flow went to
Winnemucca. Russell states, regerding Frazier's statements:

"These observations, although not of scientific accuracy,

are yet of value, and have been confirmed by other people who

have been acquainted with these Lakes for a number of years."

In May 1937 E. P. Osgood and the writer followed the course of the former
inlet channel to Winnemucca Iake seeking any remaining evidence of the trees
which Russell reported. Stumps were found at several places along this channel.
These were six to 12 inches in diameter and extended two to three feet above
the ground. A view of one of these stumps is shown in Figure 33. These stumps
were too large and too badly decayed to have grown and died in recent years.

The lowest stumps were on ground at about elevation 3805 feet where Russell
shows a depth of the lake of 4O feet in 1882. These trees could have maintained
their growth on the irregular inflow to Winnemucca Lake prior to 1867 when

they were submerged. They remained submerged until about 1930.
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Figure 33.

Stump along inlet channel from Truckee River into Winnemucca
lLake. Taken May 15, 1937 by S. T. Harding. E, P. Osgood is
- standing by one of the larger stumps.

These stumps are the remains of the line of trees reported to
have been submerged by the rise of the Lake in the 1880's.
. They could still be traced from the inlet into the lake bed

in 1937.

Figure 3bL.

. ‘ White Line on North Shore of Winnemucca Lake.
Taken June 18, 1937 near B, M, 3887 by S. T. Harding.




A map of the Mud Slough and adjacent portions of the two lakes was
prepared in 1922 by L. F. Canterbury as a part of the U, S. Reclamation
Service investigations in this area. These results are in the files of
the Truckee-Carson Irrigation District at Fallon. Canterbury also reported
three elevations of Winnemucca Lake. Adjusted to present datum these are
3846 feet in 1909; 3821.6 in 1922; and 3811 in 1926.

Canterbury also prepared a graph showing past fluctuations of Winnemucca
Iake. He showed some points as records for which he did not indicate the
source. He shows an elevation of 3792 present datum in 1867 which is consist-
éent with other records.. Elevations of 3817 to 3818 feet are also.shown for
1868-1869 and 1870.

E. P. Osgood's records beginning in 1935 have been discussed previously
in connection with the evaporation from Winnemucca Lake. These records show
a lake elevation of 3787 feet in May 1935 to the practical drying of the lake
in 1939 at elevation 3775. Osgood also made soundings on Winnemucca Lake in
1936. When expressed in terms of present U. S. G. S. datum they confirmed the
soundings made by Russell in 1882 when expressed in the same datum.

Winnemucca Lake has a "white line" similar to that on Pyramid Lake. This
is still clearly visible as shown in Figure 34. Osgood secured an elevation
of 3853 feet present datum for this white line. This is 15 feet below the
elevation of the white line on Pyramid Lake and five feet below the present
elevation of inflow to Mud Slough. Osgood also reported a terrace on Winnemucca
Lake at the same elevation as its white line.

Hardmen and Venstrom (American Geophysical Union, Transactions of 1941,
Pp. T1--90) comment on the elevations of Winnemucca Lake since 1882. They
quote R. H. Cowles, whose ranch buildings are located on Winnemucca Slough at
about elevation 3860, that the lake never rose to these buildings. The
highest recent beachline on Winnemucca Iake was found to be at about elevation
3854.5 which is the elevation found by Russell in 1882. This is about 1.5 feet
above the white line. Observations by the above authors and E. P. Osgood in
1938 of the vegetation above and below this highest beach line showed marked
differences in general appearances, color and age. From these results
Hardman and Venstrom cmcluded that Winnemucce Lake has not been above an
elevation of about 3855 in recent years.

SUMMARY OF FLUCTUATIONS OF WINNEMUCCA LAKE

The available information and the writers' conclusions regarding the
elevations of Winnemucca Lake since 1810 are plotted on Figure 35. Most of
these results have been discussed.

This record of Winnemucca Lake is fragmentary and only part is based on
direct observations tied to known elevations. Interpretation of these results
are required and the results of different interpreters may vary. Overall the
fluctuations shown are considered to represent a fairly correct determination
of the fluctuation of Winnemucca Lake for the period covered.

Some of the results shown on Figure 35 are in disagreement. Frazier's
statements regarding 1862 are inconsistent with DeGroot's 1864 map. The year
1861-62 is generally recognized as having had a very large runoff in the area.
A large rise is considered to have occurred in Pyramid Lake but it does not
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follow that a similar rise occurred in Winnemucca Lake. Pyramid ILake was
near the present inlet elevation to Mud Slough in 1861 but existing channel
conditions are not known. As there had been little flow in Mud Slough for
a relatively long period prior to 1861, the capacity of the slough was
probebly smaller than it became in later years of large flow. A major
inflow to Winnemucca Lake in 1861-62 probably did not occur. It has been
assumed that the lake rose only to a height from which it could lower to
the area shown by DeGroot's map in 186k,

For 1911 the elevation in U. S. G. S. Bulletin 654 adjusted to present
datum has been used. For the 28 years from 1911 to 1939 Winnemucca lowered
75 feet to dryness. This is an average rate of lowering of 2.7 feet per
year. As the net evaporation that has been derived for Winnemucca Lake is
3.56 feet per year this average rate of lowering indicates that inflow
occurred at some time during this period. Records are not available on the
times or amounts of such inflow and a generally uniform lowering between
the points of record has been shown on Figure 35. From 1911 to 1922 the
mean annual rate of lowering was 2.45 feet indicating that the inflow in
these years exceeded the 28 year average.

The results shown in Figure 35 have been used in the derivation of the
runoff of the Truckee River at Nixon.

MEASURED INFLOW TO PYRAMID LAKE

The inflow to Pyramid Lake, except that from the Truckee River, is
negligible in amount. Winnemucca has been a dry playa since its inflow
from the Truckee River has been cut off. There is no indication of any
seepage from either lake; the beds of both are lower than the adjacent
areas in which such seepage might appear. There have been a few springs
in Pyramid Iake. These have been small flows at a few tufa domes. The
springs formerly reported to issue from Pyramid Island above the lake
surface no longer flow.

The first Truckee River Water Master, Harry C. Dukes, began a record
of the flow of the Truckee River just above its entry to Pyramid Lake in
1928. This record with a few omissions, is available to date. It is shown
in Table 12. A similar record below Derby Dam was secured from 1927 to 1933.
The difference in these two records, at times when both were secured,
represents the net results of seepage inflow, mainly from the Truckee Canal
and diversions for the Pyramid Lake Indian Reservation.

RATNFALL ON PYRAMID AND WINNEMUCCA LAKES

The nearest precipitation station to Pyramid Lake is at Nixon at the
south end of the lake. The record from 1927 to 1955 had a mean annual
precipitation of 6.7 inches. This record and that at Lahontan Dam for
some later years are shown in Table 13.

U. S. Weather Bureau records for over 40 years at Empire have a mean
annual precipitation of 5.25 inches and at Sand Pass of 6.53 inches. These
stations are in the desert area north of Pyramid and Winnemucca Lakes.
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EVAPORATION FROM PYRAMID LAKE

The evaporation from Pyramid Lake can be computed from the inflow, the
rainfall on the lake, and the change in the lake elevation. Records for
this computation are avialable on a monthly basis since 1927. The results
are shown in Table 14. The adjustments made in adapting the available records
to monthly results are shown on Table 14. The annual results have been
previously discussed.

The lake elevations have been read on an open water gage and have been
subject to some wave action. Some results in months of excessive inflow were
not used in computing the means. The basis of the selection of the months used
in deriving the means is shown on Table 14. The mean annual derived evapora-
tion from Table 14 is 4.00 feet per year. This is the gross evaporation with-
out reduction for rainfall on the lake. The mean annual evaporation derived
from annual records, using all records without rejection of any months, was
3.9h feet, indicating that the adjustments made in Table 14 tended to be self
balancing.

EVAPORATION FROM WINNEMUCCA LAKE

From 1935 to 1938, when Winnemucca Lake varied from about 10 feet in
depth to dryness, E. P. Osgood secured a record of its rate of lowering which
can be used to derive the monthly evaporation from the lake. These results
are shown in Table 15. The mean results have been discussed previously.
Comparable results for Pyramid Lake are also shown.

While the mean annual evaporation from Pyramid and Winnemucca ILakes is
closely the same, there are material differences in their monthly amounts.
These are the result of the differences in the depth of the two lakes in
these years and the differences the storage and release of absorbed heat in
the different parts of the year.

These results were presented and discussed in an article of the writer
("Evaporation from Pyramid and Winnemucca Lakes, Nevada," Journal of the
Irrigation and Drainage Division, Proceedings of the American Society of
Civil Engineers, Vol. 88, No. IR 1, March, 1962). This article also included
a comparison of the temperature loops for these two lakes which is reproduced
here as Figure 36.

DERIVED INFLOW TO PYRAMID AND WINNEMUCCA LAKES

The available records and the resulting estimate of the various items
which affect the inflow to these lakes have been discussed. Since 1927 there
is a direct record of this inflow. This has been used to derive the rate of
evaporation from these lakes and this rate has been applied to the fluctua-
tions of the lakes prior to 1928 to derive the inflow that would be required
to supply the evaporation.

The derived inflow prior to 1928 is shown in Table 16. As previously
discussed this has been carried back to 1780 based on the assumption that
Pyramid Lake had taken 30 years to lower from its white line prior to 1839
and also 30 years to riseto {ts"White line prior to 1809. After 1839
the periods used have been controlled by the time at which records

112




llfaé/{:’ 1Y Svmmary
| rom @

oF A, }/ﬂé/ﬁ’ A cozdfs 4)”}‘1/0 y

v/ [ /f o Z //,v//mv /?a/hﬁ/
;VWM 74&?7 sdofq/ a/(d’”) ﬁ’a's(//é/ 07?)\5 Tﬁ/Ofd/ 779

)’eor do/} /‘7’4 /%7/' /9/0/' /75’)/ Jﬂﬂé \/(// A'ly 56/67( 0c7/l/o}’ ! DCC)(CW‘

/927 b 042 046 52 .52 &5
. 28 9.8 @26 .23 .30 Bs3@40 .5y

29 ‘- :
L 3/ o "

! 315/8 17 JE v Az/A.@-zz. 40 @ 5o -47' 41 .47
33 40 39933 .44 @33 @24@30 @ 35 @30 @ .33
34 20 22 26| o7 38 32, .go .58 '@42 .
337 .27 ‘@~&2' ~23\@ 201 46 .46 .32 32 @59‘ =
.3 _,_AL'?— . ;5 48| S/ S350 32
T PTLET /a@AL

_ 28| .40 o | 40 -2f |
18228952 % 5@ 3 Fog! 38 29 | 58 51| .54 42

2t 172 :@ﬂ\ TAF| S| Fd [T | AT z.cﬂ
| 40576 | y2s | 2L F od [of| 3% S5 27 |
2 5'a 7~ 0 (R o B (- N P & M
42050 C02 @ g '-/:("./3 @—61

\~/’J ot -35

44 26| 32{"‘79 /7

| 45906 % 33 \GL 1 @29 @38
-a

e s i
|

‘@JO _‘ -
47" 46 | 4/ 35‘ 08 .44 =
48 .26 /8 ‘

|
i
|
{

| | | R v
| so 43| zz'@al 20 g 40 43 38 - s
| g | L . -"\ w
r\fz‘ ./&«021 a7 14 7 ~39f0‘94 45 .\ 4_6 ey _30
g \. : P , 27| . 5
T S 0 Ay /(8 b v Y AMPF-E RSP L | ‘.
| 58 35‘1 H ; e
| 56 - -
R
"./‘/em 24
??
‘/f';;cm /4
\ [958 . ' i T
s 13 PIK .
so[ .26 A3

—-.0 5‘




\*7'05/& LS K' om,o;;(af}aa V

£ Va/oéra/md ﬁ'om Wmmwfa

A

| LoAe /mre'ar* on /ﬁfcarv{f Uf £ C?.ryaao/ [ )
|
i | | !
- e Ranr. e féayr Raw /pdk-
| Do Tl | oted o 7, T4 ared
‘ Loke drlfylﬂop l” c atwing Fvgo-
, £her- fnk oo Efev- Work oatar
| a%er | ‘ ot
| 1935 e ! 7938
| ”‘y -0.40 lﬂl§0-46 | Vet "4;03"02- 0./0
| Jawe . 076 o | 0.76 i Féb 4028 .14 ~0./4 ‘
| dutyy 068 o |o.48 i Mor =048 07 'g.25 1
.[ Axr%-[ ~9-66.02 '0.48 | : Apr -0l 04 0./5| l
i J(,. -0.50 o Ea..fp i //d)’ '-d‘ﬁ 09 0.53 {
oct ~0.26 .82 9.3%9 1 urne ~0.40 13 0,53 l.
AoV,  coox U lor7ET [ '|2f75' -¢37\ 03 O.50 7
—peg. 02 . 2.43 | 14‘,, -0.38 02 o.40
ﬁ -ﬁ: ;i%f 313 S 7 ~0/8 04 1
| /P36 ST - M/ 10.72, 08 fji i
‘\ Jar t0.06 .04 |-0.0a } Mar 1096 .04 .02 ’
| Feb. -so07 07 ta.le i oF. Lo
| MHeer. -A24 O |¢.24 ‘ 1 — {
Apr. _ -05% o o7 - | | Yo 428 20 2.4€| | .
Az, -0.55.,0/ |0.56 T ! \
za?} ~a.5%5 .13 048 ‘ {
v 2605 (@A i o i
Avg.  -g45 .06 0.1/ watierr o Liggorarans | |
| sepf  -a.u5 -07 016 e | '
oc?. | | -a/5 9% 0.1 o
st e @ |awrz /%w»jr /73,5‘ RIS 15237 | 1238 /ﬂ.,,',lﬂtv// /3_/1{
—Dec | @ It [Of S - »
Year |345 55| 42! % “0.02|.02 I'o.70 1”/(’ /;%r
: i oo | fed 0.76 ~0.73" 0.06 .24 308
/%237 RRERGE S aawgs o 0.24, 018 "”"”"’61 24 3464
| s, e.07 0% |, 02 Ap?. | -y 4 032 AR 20 | 428
Feb— a7y OE150.13 | oy aAs| 056 poas | o 0022 492
sHor. -0./6 .02 | 0.18 Uone 076\ 0.c8 0nr| 22 0|23 563
| Apr . |-0.38 -0/ |0.39 A Qlll_df,fp‘,‘la +3D g 6l|..32 63.e
May -afe .ol |\e.F) ' \dup oéE 0.7 ogs| 0 6340 743
Vape  \-025 o |05 S 1 0.560.78 o 39| 10 06052 704
Sy 08208 [0.68 {0 TET o9 0anl 2 0| .52 2.8
Avg. ~0.81| O |0-87 N | 9./310.72 4. ’ -04~r d-ach. 45 1 §2.4
.se,:f l-.27, o |@.22 Dec. 003 o /i-g/:;-” 0-/%|:35 442
dc? !-a-/é-‘ 02 0. 4F | T — 298| :30 347
Aby. -008 03 |0.// 2/ s
Dec T ET- 75 Ry e Smil 1) A ;;_,‘ N\ﬁﬂ%
e e iy 3 R .
Year 3.9 ¢.443.0¢ | ottt | || I
o |
114 L




1]

+

d?)rfs

ro7

i

I

35

ERPOE.
4

/TL

Vel U A A

AP +

T ;fzﬂs’ /
az

era

bt

Vil
7 |

/g r \'15?44 A

/2

y

A X4

1

@277

A




Table /4 - Camfauﬁa/ 770w

L ThoosoroS Aecre-Fee!

rers aa/ Nombe STeon

c 0/6/75/&/' o7 Aneol

Veors Ross-

Yeaors mw S

Period p g/a;g
/n

Feef

1780- /802
/8/0-/839
/EGo- /842
1843 - /8945
/8s50-/85/
/852 ./853
1 854.185g
/859 ~/860
/18&/
1862 - /p44
/865-,84¢
1267-786¢
/1862 J)gro
'187/-7858
/1829- /88,
1882 71893
/884 -/68¢
/1885
/820
18%/~/ %02
/%03
/204 /505
/192061508
/90%-/5,.
1972 79,3
19/%- (6,45
1976 -15,>
19/8 - s92
/1922
/2253
/9224
/9235
/9226
222

3o
3o

- 50
.fa
65

Py MM N L
ST s~sApppUEDS NS~ PLOMNPN OSSN

3o
‘So
8o

E/Cé'/v/ 23 /70/4‘9/

PYITA 7,D

—

L AKE

of Foch 77 S ores

—M/h Lach fregr Gross
£/t Breg
oiédh of

of ) a/f 72;7/ Amneel /

4 4/(6 177 for  leon
7 (000 Prrisyd
Feelf acres

/77
/200
@cres

3872
3852
3854
386/
3862
3843
3846
3859
38és
38rs
380
286
38,9
3876
3865
3867
3867
38¢/
3876
3872
385
38sg
38s/
3869
386
3¢5
386/
38&8¢c
38545
385453
38530
38s50.
3&84)s
3869.5

/36
/30
/37

134
134
135

/36

RV
134
139
138
/37
/42

~2680 - g2
+ 260 7 9
+ 930 +3/0
* /34 + /9
/33 268
1408 ta2o04
-945—/39
r8/0 4405
1325 #/3 y¢
~ 0679 < 234
=4/] -206
+/620 v o34
=423 -2 /4
/40 /508 - )5, 136 s&5
/36 4233 4 9/ 13635 546
L e 0 13> sS4
foe =762 )a55 542
(o I2afe y99 528
/%o + 423 3423 14 S 64
/92 ~2%00 - 24, 138 s
PE e o 34 sag
/34 s 402 720/ 134 s3¢
/34 11084 43¢, 1355 542
137 254 . 5, 05, Sag
/737 S224 -/3> 1365 &4
/136 -S540 <35, /135 s
/134 T4 < &5 3% e
{24 ~ 730 -/82 132.5 £30
’/jj /;‘9 ° 132 s24

- ~/%8 )3/ 5 So6
3/ -390 “37% 36,5 515
190 - 324 “324 49, 5,8

/29 -3.,
~320 128.5 «
/28 28554

/134 4536
130.3 522
732.5 530
/34 £36
/1345 538
/355 &s4>
/138 S495
/135 s 40
’32.3 s£s50
/383 s 54
I35 s50
1323 ss5p
74/ sc4

=82
+2050

747 ear frecs,

Beormmme Chopree LEveporation Ran. Il - fpats-
7 3 / = fol ofed ofed
on frean To7/

Peried  greo Lvep [okhe. Araedf Jp 1%

o/ oroZye 125/ 7o Sor

ke Spove/ SArne/

‘ S0

pr/’a/

325 /250
466 13940
254 2262
475 3323
548 Jo52
658 3/
283 45
83/ )02
1787 187
2855 2és
278 sw2
1289 2578
280 séo0
293 2344
565 170
27 9,4
3/2 ysé6o
2523 523
853 gs3
227 29549
462 442
650 13090
822 446
368 404
B3 s 8
/923 346
2857 558
268 j072
423 423
269 269
7?3 93
l2s /129
L7272 y/7

440

7o /3//'4/77// cr W//}/’C’MVCCQ ZO/EJ‘

/280 75 /92>

W/NNE /v ccd

LAFE

HTH

BoTH
L AALS

Beomnr iy
o/facz
rroo’
[/eyf Areq Cop-
o7rer  Hf aci
o Lake
Zt_?/f Ve
X7 Jooo

/: ee/ @cres

3723
32723
37273
37223
372723
3223
w333
3223
32727
3289
3>86
3278
3&18
3877
384)
3gss
3852
D845
385Ss
E¥-Zuls
3850
3848
D8 4¢
846
3842
13 843
383 9
B83S
3822
3820
28/8
38/6
38/3
3g/e

c/a@c 177 £ ya/oo/o%a/" Aol ase. frale .

S /oro 23
1y Loack
Perse Are.
\
Tore/ A/ / afe
76/‘ STeor /”
Perrod yory

LRCrES

0rg7/

T FRair ofed
S7€0r Gross o/

ToFe/ T/

@ Ao/ op eon Lbfom
of £Vop- Lohe Avow! for

In?Tow 2o rrosh

Indlc- Sndlscorfed
aled  fleonr
ToYe! 4nroe/
hilow  JntTow

Sor
Period




of the elevation of Pyramid Lake are available and to combine series of
years having similar excesses or deficiencies.

Prior to 1927 the gross evaporation for each year was assumed to be
equal to the annual mean. The mean precipitation on the lakes was assumed
to be the same as that for the later period of record. It was adjusted for
each period to reflect the indicated inflow, being assumed to be above the
mean for periods when the lake was rising and below the average when the lake
was falling. The precipitation is only about 12% of the gross evaporation,
so such variations make only a small difference in the total net evaporation.

The remainder of the computations used in deriving the inflow are
indicated by the column headings. The same process was used for Winnemucca
Lake. The results for the two lakes are combined in the last column in
Table 16.

The results for 1927 to 1960 are available in the direct record of the
flow of Truckee River below Pyramid Dam in Table 12.

EFFECT OF STORAGE IN LAKE TAHOE

In deriving the total runoff of the drainage area of the Truckee River,
account needs to be taken of the change in storage in Lake Tahoe if annual
results are being derived. Lake Tahoe has a usable storage capacity of
720,000 acre-feet. As its area is practically constant at 120,000 acres
within the six feet in which it is regulated, the evaporation from the lake
is also practically constant.

Records of the elevation of Lake Tahoe are available since 1900 from

which the annual changes in storage can be computed. These results are
shown in Table 17.

EFFECT OF IRRIGATION FROM TRUCKEE RIVER

Irrigation from the Truckee River has reduced the inflow to Pyramid and
Winnemucca Lakes at an increasing rate since irrigation began in about 1860.
The present canals, except the Truckee Canal of the Newlands Project, have
priority dates which are generally earlier than 1880.

There are some results on the area irrigated in the United States Census
of Irrigation. By estimating the area irrigated whose return flow comes back
to the Truckee River and using an estimate of the consumptive use of thi
area, an estimate of the stream depletion can be made.
is largely in forage crops, an average consumptive use of 2.5 acre-feet
acre has been used. Combining these results gives an estimated stream
tion increasing from 10,000 acre-feet in 1861 to 100,000 in 1903. Since
a general value of 100,000 acre-feet per year has been used with some reduc-
tion in years of known shortage in supply.

Since 1905 water has been diverted from the Truckee River through the
Truckee Canal for use where its return flow does not reach the Truckee River
except for seepage from the upper part of the canal. A record of this
diversion has been kept and has been used for this item.

These results for stream flow depletion have been used in the later
computations of the total runoff of the drainage area of Truckee River.
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TOTAL RUNOFF OF THE DRAINAGE AREA OF TRUCKEE RIVER

The inflow to Pyramid and Winnemucca Lakes, the change in storage in
Take Tahoe when available, the estimated depletion resulting from irrigation,
and the diversions by the Truckee Canal can be combined to compute the total
runoff of the Truckee River. This has been done in Table 18. The results
have been expressed in acre-feet and also in percentage of the 181 and 121
year means. The 181 year period includes the 60 years prior to 1840 for which
no direct records are available. The 121 year mean represents the period of
observed results.

The total runoff of the drainage area of Truckee River as derived in
Table 18 represents what is considered to be the best results that are
obtainable from the available records for the unimpaired runoff during the
181 year period shown. The extent to which past records have had to be inter-
preted and judgment used in deriving these results has been described. While
there can be no complete substitute for the type of annual records which have
been available since 1927, it is considered that the results for years prior
to 1927 shown in Table 18 are representative of the actual variations in
runoff which occurred in this period.

The mean annual runoff of the Truckee River in Table 18 for the first
147 years of the total 181 year period is closely equal to that of the last
34 years. However the division of this runoff between inflow to the lake and
depletion and diversion in the earlier and later parts of the total period is
materially different. In the last 34 years shown, instead of all of the run-
off reaching the lake as it did at the beginning of the period, an average of
only 41 percent reached the lakes. The average annual inflow to the lakes for
the last 34 years shown has been nearly 250,000 acre-feet. Over one-half of
the total occurred in seven years of the 34 year period.

The variations in the runoff of the Truckee River that have occurred
during the 181 years shown in Table 18 can be discussed more conveniently
in terms of their percentages of the annual mean. Such percentages for each
period and the sccumlated departures from the mean are shown in Table 18.

The accumulated departures have been plotted in Figure 37. Overall there
was a deficiency below the mean from 1810 to 1860, a general excess extending
to about 1920 and less variation from the mean to 1960.

In Table 19 the variations of the runoff results in Table 18 have been
segregated to show the variations which have occurred. Different 30 year
periods have varied from 64 to 118 percent of the 181 year mean. This is a
relatively wide variation for periods of such length. TFor the four periods
of 30 years since 1840, the variations have been less than 20 percent. For
the 60 years from 1780 to 1839 the indicated mean annual runoff was T2 per-
cent of the ensuing 121 years.

Table 19 also shows the maximum and minimum shorter periods. The maximum
single year was 583 percent of the mean and the minimum year was 15 percent.
One 8 year period had an average runoff of 170 percent of the mean and one 7
year period only 46 percent of the mean. These results illustrate why complete
regulation of this runoff will not be possible with any practical amount of
storage.
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QUALITY OF WATER IN PYRAMID LAKE

The available analyses of the water in Pyramid Lake secured in and prior
to 1914 were assembled by E. Claude Jones in Publication 352 of the Carnegie
Institute of Washington. Some samples have also been collected by the writer
which have been analysed by the Division of Plant Nutrition of the University
of California. These results are shown in Table 20. They have been used with
the volume of water in Pyramid ILake at the times the samples were taken to
compute the total content of solubles in the lake. These results are also
shown in Table 20.

The total solubles in parts per million in Pyramid Lake during the nearly
100 years represented by these results has varied consistently with the volume
of storage in the lake. The samples to 1914 were secured when Pyramid Lake
contained about 50 percent more water than during the later years and the total
solubles were about two-thirds of that contained in the later samples.

The total tonnage of solubles in Pyramid Lake from 1867 to 1914 as shown
by the four analyses in Table 20 remained practically constant. This indicates
that the overflow from Pyramid Lake to Winnemucca Lake which occurred during
much of this period did not remove any large amounts of solubles from Pyramid
Lake. This, in turn, indicates that the flow to Winnemucca Lake was largely
from the inflow from the Truckee River rather than overflow from Pyramid Lake
after the Truckee River inflow had become mixed with the Pyramid Lake water.
During this period about one-third of the inflow to the two lakes went to
Winnemucca Lake (Table 16).

Bulletin 9 of the U. S. Geological Survey reports the analysis of four
samples from Pyramid Lake taken in 1882. These samples consisted of surface
and deep water at the north and at the south ends of the lake. The individual
samples varied less than one percent in their content of total solubles. The
mean result for these analyses is shown in Col. 2 of Table 20. These results
indicate that the water in Pyramid Iake becomes well mixed under wind and
density current action, and the inflow from Truckee River does not remain at
the south end of the lake.

An analysis of a sample of the water of Winnemucca Lake in 1882 by Russell
is also reported in Bulletin 9 of the U. S. Geological Survey. The total sol-
ubles were within one percent of those found in the water of Pyramid Lake in
1882. At the time this sample was taken Winnemucca Lake was at its highest
recent stage and contained about 3,500,000 acre-feet. Its solubles content was
the result of its inflow from Truckee River and Pyramid Lake and absorption of
salts from its previously dry lake bed. The storage in Winnemucca Iake in 1882
was about one-eighth of that in Pyramid Lake. The filling of Winnemucca Lake
did not reduce the total solubles content of Pyramid lake.

Analysis of the inflow from Truckee River in U. S. Geological Survey
Water Supply Paper 274 indicates an average total solubles content of 143
p. p. m. This is 2.8 percent of the average content in the lake from l9h9 to
1958. 1In this period the inflow to the lake was 3,200,000 acre-feet equal to
17 percent of the 1958 storage in Pyramid Lake. Based on this quality of the
Truckee River inflow, this amount of inflow would have increased the total
solubles in Pyramid Lake by one-half of one percent. This is less than the
expected variation between individual samples.
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While the chemical analyses of the water in Pyramid Lake are limited
in number they are consistent in their results. Pyramid Lake now presents
an opportunity to follow the concentration of its waters as it lowers. It
is hoped that more complete and frequent samples will be secured. Such
results would have interest both for following any deposit of solubles on
the unwatered portion of the lake and also in determining the effect of
increased salt content on the variations of fish now in Pyramid ILake.

RECESSION OF LAKE LAHONTAN

Pyramid Lake is the largest remnant of Lake Lahontan. While outside
the scope of this report, there is interest in how Lake Lahontan may have
receded to the present Pyramid Lake. In his work on Pyramid Lake the writer
has assembled the present elevations at which overflow from Pyramid Lake
would occur in different directions. The results are shown in Figure 38.

It is thought that all of the results in Figure 38 have been reduced correctly
to the present datum.

In the first two columns in Figure 38 the elevations of the terraces
above Pyramid Lake which are considered to represent former stages of Lake
Lahontan are shown. The next two columns show the elevations of the con-
trolling passes found by Jones and by the writer. The recent elevations of
Pyramid Lake are shown in the fifth column. The last column relates to
Winnemucca Lake.

The relative freshness of the water of Pyramid Lake has been a puzzle
to the geologists studying Lake Lahontan. If Pyramid Lake is a remnant of
Iake Lahontan, the quality of its water should reflect the concentration
resulting from the shrinking of Iake Lahontan. While events occurring
through periods of geologic time are beyond the purposes of this report,
figure 38 indicates the directions in which outflow from Pyramid ILake would
occur at its different elevations.

There has also been controversy over the extent to which overflow is
shown in the present appearance of Emerson Pass. The writer has found no
indications in its present surface conditions that overflow from Pyramid
Lake has occurred through this pass.

Overflow from the north end of Winnemucca Lake would take place over a
broad ridge with an indefinite crest. The Lovelock sheet of the U, S. G. S.
maps indicates that this crest has an elevation of about 4700 feet. This is
higher than the maximum stage of Lake ILahontan. Russell's map of Lake
Lanontan shows no connection of Winnemucca Lake at its northern end with
Iake Lahontan.
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LAKE TAHCE

Lake Tahoe is not an enclosed lake and its fluctuations do not measure
its inflow. It has a place in this report as a tributary source of the in-
flow to Pyramid Lake and because of th results of Carbon 1l dating of stumps
of trees which grew at elevations lower than the present rim of the lake.

Lake Tahoe overflows its rim which has a present elevation of 6223 feet.
The restricted capacity of its natural overflow channel has always operated
as a control on its discharge. This natural control has been superseded in
part by the dam constructed on Truckee River below the rim which is operated
to control the outflow from the lake and to limit its fluctuations within a
six foot range.

In some past geologic time, ILake Tahoe had its outlet over a basalt flow
across the Truckee River downstream from the present rim. At this time the
lake had a materially higher elevation than its present rim. This former rim
was eroded and has been replaced f the lake by the present rim.

The area of Lake Tahoe is 37 percent of i drainage area. In periods
of reduced runoff the evapor at*o exceeds its inflow. The lake
has lowered below its rim at se . times during the period of
record. The area of the lake is actically constant within its range of
fluctuation so that the evaporation is not reduced even when the lake falls
below its rim. About 4O percent of the mean annual inflow to Lake Tahoe is
required to supply its evaporation leaving only about 60 percent to supply
usable outflow. For the six years 1928-29 to 1933-3&, the net evaporation
from Lake Tahoe exceeded its inflow.

Iake Tahoe was not on any of the main s of emigrant travel and early
reports regarding it are less numerous than th for some other lakes. Early
descriptions are usually in general terms an not enable the elevation of
the lake to be determined. Fremont saw the from a distance in 184k.

The records of the e; vation of Lake ! e pri 1900 are fragmentary
and incomplete. No record has been 1oand prior to 1870 when the first dam at
the outlet was constructeu, The available records from 1870 to 1900 show that
the lake was low in 1888, reached its rim in 1889 and rose to 6228.05 in 1890.
There was a high elevation of 6229.02 feet in 1895.

A continuous record of the elevation of Lake Tahoe is available since
1900. The elevations of the lake are plotted in Figure 39. The lake has
Pluctuated between elevations 6223.0 and 6229.0 except for occasional times
when it has fallen below its rim or for brief periods when it has gone above
6229.0.

There is also a rcco d of the outflow of Lake Tahoe since 1900. This has
varied from 5,100 to ( .feet per year with an annual mean of 177,100
acre-feet.

The inflow to Lake Tahoe since 1900 can be computed from the gross evapor-
mhm,tMErnndﬂ_m‘ﬂw‘Pm=wﬁ 1e fluctuations of the lake. The gross
evaporation has been previously discu .. A uniform amount of 375,000 acre
feet per year has been used. The ava"*abJG records indicate a mean annual
precipitation on the lake of 25 inches. The changes in storage in the lake can
be computed from the records of lake elevation. Such computations by the
writer are shown in Table 21. The mean annual inflow for this period is
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FIG. 39 ELEVATION OF LAKE TAHOE SINCE 1900
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298,700 acre-feet varying from 91,000 to 762,000 acre-feet in individual years.

The accumulated departures from the mean of the inflow to Lake Tahoe from
1901 to 1960 are shown in Figure 40. Figure 40 shows the much sbove average
inflow for the earlier part of this period from 1901 to 1917, the deficient
period from 1918 to 1935 and the more nearly average inflow from 1936 to 1960
that is shown by other records in this general area.

STUMPS IN LAKE TAHOE

There are trees growing around much of the shore of lake Tahoe on ground
just above elevation 6229. Some of these trees are of full size and age and
indicate that the lake has not risen above this elevation during the life of
the tree.

There are also stumps in Lake Tahoe of trees which grew on ground which
is below the elevation of the present rim. Such stumps ocecur at the former
Tallac resort near the southwest part of the lake. These stumps have shown
above the lake surface when the lake has fallen below its rim. They were
examined by the writer in 1934 when the lake was below its rim and in 1961
when the lake again lowered. In 1961 samples from these stumps were secured
by the California Department of Water Resources and Carbon 14 dated.

Figure 41 is a view of one of these stumps taken when Lake Tahoe was
three inches below its rim in 1934. Figure 42 shows the largest of these
stumps taken when the lake was at elevation 6223.25 in 1961. A total of
eleven of these stumps have been found in this area growing on ground having
present elevations up to two feet below the rim of the lake.

Prior to 1961 the writer had assumed that these trees had grown in some
period shortly prior to 1860 when Lake Tahoe had been below its rim long
anough to permit their growth. The low stages found for other lakes in the
1840's and the state of preservation of these stumps supported such an
assumption.

Samples of the wood from two of these stumps have been dated. A sample
from one stump gave an age of W60 » 250 years. Two tests on the other sample
gave dates 4790 & 200 and 4250 : 200 years.

The rings on these stumps could be counted in 1934%. Such counts on the
remaining portions indicated ages up to 150 years at the elevation of the rim
and 100 years for trees which had grown 2 feet below the elevation of the rim.

Such stumps below the rim have been found only at Tallac. These trees
grew in good soil offshore from the course of Fallen Leaf Creek. Fallen Leaf
Lake smooths out the stream flow from its drainage area and retains the eroded
material. Filling of Lake Tahoe in this area may have been slow. Some covering
of stumps at similar elevations at other points around the lake may have
occurred. While the failure to find other submerged stumps around the lake
is not fully explained, such failure does not cast doubt on the actual existence
of the Tallac stumps. These are well preserved and well rooted into the present
lake bed.

The results of the Carbon 14 dating require a new approach to the record
presented by these stumps. If it is nearly 5000 years since these trees were
submerged, some regimen of Lake Tahoe is required under which these stumps
could have been preserved for this length of time. Any long periods of exposure
to the air would have resulted in their decay and disappearance.
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Stump in Lake Tahoe having 75 countable rings.

Taken September 1, 1934 by S. T. Harding when the Lake
was 0.3 ft. below the elevation of its outlet rim.

Figure L2.

Largest Stump in Lake Tahoe, at Baldwin Beach (formerly Tallac).

Taken September 27, 1961 by S. T. Harding when the lLake was
0.25 feet below the elevation of its overflow rim.

Two samples of the wood of this stump have been Carbon-1k4 dated
and found to have an average age of k4,500 years.
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The reported age of these stumps is sufficiently long to include time
for climate changes and orographic movement. A rise in the elevation of the
rim of the lake or a subsidence of the area of the stumps of a few feet could
account for their submergence. There are indications of a fault across the
rim which has resulted in a small displacement of the clay now forming the rim.

The following conclusions regarding the record disclosed by these stumps
have been reached.

1. These Tahoe stumps have not been out of water for any continuous
period as long as 100 years since they were first submerged. The
present condition of these stumps support this conclusion regardless
of the C-14 dating.

2. Whenever these trees may have grown there was a period of over

100 years when Lake Tahoe was below the elevation at which they
grew. This is axiomatic regardless of the relative elevations
of the rim of the lake and the ground on which they grew.

3. If the age of these stumps is nearly 5000 years there has been
time for orographic movements to have occurred and the relative
elevations of the rim of Lake Tahoe and the ground on which
these trees grew may have changed within such a period.

L, If no orographic movement has occurred and these stumps are 4500
years old, there has been only one period as long as 100 years
in the 4500 years in which these trees could have grown. This
follows from item 1 above and the time in which such stumps would
decay.

5. If these stumps are 4500 years old they doinot aid in interpreting
the elevations of Lake Tahoe during the past 300 to 400 years
except to indicate that the lake has not been below their elevation
long enough in this period for the stumps to have decayed.

SAND DUNES AT KINGS BEACH

There are sand dunes at Kings Beach on the north shore of Lake Tahoe which
were 15 to 20 feet high. At usual stages of ILake Tahoe there is insufficient
shore between the lake and the dunes to provide an area from which the sand to
build these dunes could be derived. It has been suggested that these dunes
might have had their origin in a period when Tahoe was below its recent eleva-
tions and there was sufficient shore area exposed to provide the sand supply.
Figure 43 is a picture of this dune taken in 1939.

Development of the area of these dunes has now largely changed their
original character. They were examined by the writer in 1939 before such local
development had occurred. These dunes had the characteristic shape of sand
movement under wind action. The inshore slope was steep. They started at the
existing lake elevation of 6328 feét. The dunes appeared to be relatively
stable and not to be making further growth. Some blow outs in the dunes had
developed. Trees were growing on these dunes. On one recently cut pine stump
a count of 248 rings was made. The sand had been blown out from around the
roots of this stump.

It does not appear that these Kings Beach sand dunes furnish a clue to the
elevation of ILake Tahoe during the life of the trees that have been growing on
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Iarge Fir Tree growing on Sand Dune at Kings
Beach on North Shore of Lake Tahoe. Taken
June 15, 1939 by S. T. Harding.




them for the past 250 years. Whatever may have been the conditions under
which they were formed, their time of formation appears to have been prior
to A, D. 1700.




WALKER LAKE

Walker Lake receives the inflow of the WalMer River. This drainage area
is between that of Carson River on the north and Mono Lake on the south.

When sounded by Russell in 1882, the lake had a maximum depth of about 225
feet. It has a broad flat bottom at sbout elevation 3860 feet. In 1882
Walker Lake had an area of about 65,000 acres with & length of about 26 miles
and width of four to five miles. The lake has lowered over 100 feet from its
high elevation in 1870 as a result of the depletion of its inflow resulting
from irrigation from Walker River.

While some information regarding the elevation of Walker ILake is avail-
able prior to 1882, this early record is less extensive and less complete
than that for some of the other enclosed lakes in the western Great Basin.
There is an adequate record of inflow since 1928 from which the evaporation
from the lake can be derived. The extent and character of the diversions
from Walker River make an estimate of the depletion resulting from such use
subject to large uncertainties and it has not been attempted. The available
records on the fluctuation of Walker Lake have usefulness as a check on the
results for the same periods on the results for other lakes.

The available results on the elevation of Walker Lake are shown in
Figure 44. The points for 1861 and 1868 were derived from a report in 1868
of the U. S. Indian Service describing the flooding of the Indian Agents
garden and house. Mr. E. W. Kronquist was engineer for the Indian Service
at Schurz for nearly 20 years and found support for the results shown in
Figure U4h which are marked K. Mr. Kronquist made these results available to
the writer in the 1930's and also supplied them to the Nevada Highway Depart-
ment for use in locating the highway on the west side of the lake.

In 1882 I. C. Russell worked in the area of Walker Lake in his study of
Lake lahontan. The elevation in this year is taken from Monograph 11 of the
U. S. G. S. Since 1928 the U. S. G. S. has maintained a gage near Hawthorne
and has secured sufficient records to define the elevation of the lake from
1928 to-date.

In 1845 E. M. Kern traveled around Walker Lake. Kern's journal states
that the lake was 22 miles in length and 11 or 12 miles wide in its widest
part (quoted in Exploration Across the Great Basin of the Territory of Utah,
by Capt. J. H. Simpson, 1859). Applying this length to the map prepared by
Russell indicates an elevation of Walker Lake in 1845 as shown on Figure Lk
or 4035 feet. While the other enclosed lakes in this general area were at
relatively low stages in the 1840's it is improbable that Walker Lake rose
as much prior to 1861 as would be required to reach the indicated elevation
in that year. While Kern traveled the length of the lake his report of its
length was not based on a direct measurement. Kern's statement of the width
of the lake is much in excess of the actual width.

The mean results derived for the evaporation from Walker Lake have been
presented earlier in this report. These are based on the record of inflow
from Walker River, precipitation on the Lake based on the records at Schurz
and Hawthorne and the fluctuations of the lake. The available records enabled
the monthly evaporation to be computed for most of the months from 1928 to
1960 as shown in Table 23. Usable results were obtained for from 16 to 26
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years for the different months in this 33 year period.

Walker Lake has been deep enough to store the early season heat it re-
ceives and to release it later in the year. This results in its monthly evap-
oration temperature loop having the clock wise form as shown in Figure L5,

Only a few analyses of the water of Walker Lake are available. Some
general comments are included in early reports. Kern in 1845 described the
water as "exceedingly bad and salty" which indicates a relatively low stage
of the lake. Fremont also called the water "saline" in 1845. In 1882 Russell
secured top and bottom samples both of which showed about 2500 p.p.m. of total
solubles. A sample taken by the writer in 1958 showed 6740 p.p.m. In 1882
Walker Iake contained 8,450,000 acre-feet, in 1958 this was reduced to
3,350,000 acre-feet. These results indicate that the total content of solu-
bles in the lake in 1882 was 28,800,000 tons and in 1958 of 30,800,000 tons.
These results are within the probable error resulting from a single sample
and the additional solubles received in the 76 years between these samples.

The fluctuations of Walker Lake shown in Figure LYy furnish a basis for
conclusions regarding the relative water supply of the drainage basin of the
lake prior to about 1910. The rise shown from 1861 to 1882 and the mainte-
nance of the lake elevation to about 1910, despite the increasing effect of
irrigation, indicate an inflow during this 50 year period materially greater
than that which produced the 1861 elevation. From 1861 to 1910 Walker Lake
rose 10 feet and increased its volume by 800,000 acre-feet. During this
period the mean area of the lake was about 65,000 acres. For this period
the indicated mean annual inflow to the lake is about 255,000 and the runoff
of the drainage area of the lake is this amount plus an uncertain amount for
the gradually increasing depletion from irrigation.

The inflow prior to 1861 resulted in the lake elevation in that year.

A mean annual inflow of 230,000 acre-feet would be needed to maintain the lake
at its 1861 elevation. TIf the lake had been higher than its 1861 elevation
prior to that year the annual inflow would have been less than 230,000 acre-
feet by whatever amount was required to lower the lake to its 1861 elevation.
If the lake had been lower prior to 1861 the inflow would need to exceed the
above inflow in order to raise the lake. Kern's 1845 account indicates that
the lake rose from 1845 to 1861 and the probable mean annual inflow for these
17 years exceeded 230,000 acre-feet.

If Walker Lake rose from its 1845 stage to its 1861 elevation, there
would have been a period prior to 1845 when the annual inflow was less than
230,000 acre-feet. Russell's 1882 analysis shows a soluble content of 2500
p.p.m. Both Kern and Fremont call the water strongly alkaline in 1845, If
Walker Lake was at elevation 4035 feet in 1845, to meet Kern's statement re-
garding its length it would have contained 5,300,000 acre-feet and, based on
Russell's analysis, had a content of total solubles of about 4000 p.p.m.

This is an insufficient amount of solubles to support Kern's and Fremont's
statements regarding the quality of the water in the lake. On this basis

Walker Lake would need to be below elevation 4035 in 1845 which, in turn,

would require a greater rise tc 1861 than 20 feet.

While the available information relating to past elevations of Walker
Lake is not sufficient to define its fluctuations prior to about 1900 ade-
quately, certain results can be derived in relative terms even though specific
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numerical results may be subject to error.

The available records support a conclusion that Walker Lake rose sub-
stantially from 1861 to the early 1880's when the effect of depletion from
irrigation began to be felt. There is support for a conclusion that the lake
was lower prior to 1861 than its elevation in that year. During some period
prior to 1861 the inflow would have been less than that required to maintain
the lake at its 1861 elevation in order for the lake to have lowered to its
1845 elevation. While these differences in the quantity of inflow can only
be expressed in general terms there is support for the direction and nature
of these changes.




MONO ILAKE
INTRODUCTION

Mono Lake is the most southern of the enclosed lakes in the western
Great Basin area included in this report. Of the lakes that have been
discussed, its fluctuations are the best indicator of the variations of the
runoff of its drainage basin. Until 1940, the reduction in its inflow
resulting from use within its basin was negligible in amount. The diversions
from its basin, beginning in 1940 by the City of Los Angeles, have been
measured. The lake was meandered in 1857, and identification of the location
of meander corners enables derivation of its elevation at that time. Other
available records supply sufficient information to enable the fluctuations of
the lake to 1912 to be reasonably well defined. Since 1912 there are adequate
direct gage height records to define the fluctuation. There are also some
submerged trees from which earlier fluctuations can be interpreted.

At its highest recent stage, Mono Lake had an area of 56,500 acres, a
maximum depth of about 170 feet and a volume of about 4,800,000 acre-feet.
The lake contains two islands; the larger of these islands, Paoho, is
surrounded by shallow water which reduces the lake volume. The water is
salty; at its highest recent stage the total solubles content was about
45,000 p.p.m. This had increased by the lowering of the lake and concentra-
tion of its waters to 63,000 p.p.m. in 1960. The water of Mono Lake is now
about twice as salty as sea water but still has only about one-quarter of the
total solubles content of the water in Great Salt Lake at its lower recent
elevation.

AREA AND CAPACITY

I. C. Russell sounded Mono Lake in 1883 and reported depth contours from
which the existing area and capacity of the lake have been derived.l The
1934 and 1951 results of the City of Los Angeles are shown in Figure 46,2
The difference is the result of the correction in the elevation of the lake at
the time of Russell's sounding made after the emergence of Russell's 1883
bench-mark.

EARLY REPORTS

The first recorded visit to Mono Lake is that of Jedediah S. Smith in
1825. Smith's account does not include informetion from which the elevation
of the lake can be derived. The first reported settlement is in 1854. The
meander surveys followed in 1857. One of the first published reports relating
to Mono Lake is that of J. D. Whitney, based on his work in 1863. Whitney's
report supports a conclusion that Mono Lake was not above elevation 6410 in

1I. C. Russell, Quaternary History of Mono Valley, California, Eighth
Annual Report of the U. S. Geological Survey, Vol. 1, 1886-87, p. 261.

2Los Angeles Bureau of Water and Power, Hydrologic Section, Revised
January 4, 1951, Unpublished. ’
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the early 1860's but does not define how much lower it may have been.l
William H. Brewer described Mono Lake based on his visit there in 1863, but
his account does not enable the then elevation of the lake to be identified.

John F. Kidder, California Surveyor General, also made a report in 186L.
He states that there was a water line 22 feet above the lake at an elevation
where the lava was abruptly broken off.3 Later information indicates that
Mono Lake was probably at about elevation 6380 at this time. The lake
lowered below elevation 6400 in 1960; no marked water line such as that
described by Kidder has been reported since 1960,

King describes Mono Lake in the Exploration of the 4Oth Parallel stating
that the lake showed a rise in 1864. The comments on rises on other lakes
and, based on such general comparisons, King's report might be interpreted es
indiceting a rise of 10 to 15 feet on Mono Lake from 1857 to 1864. This
period includes the very wet season of 1861-62.

J. LeConte visited Mono Lake in 1870, 1872 and 1875. In his report he
states that the lake had been rising for the past 10 to 15 years. He found
early sheep corrals and trails submerged many feet. Brush on the Island was
submerged in water five feet deep. He quotes local residents to the effect
that there had been a rise of 10 to 12 feet in 10 to 15 years.h

The most extensive investigation and report on Mono Lake is I. C. Russell's
Quaternary History of Mono Valley, California in the Eighth Annual Report cf
the U. S. Geological Survey. Russell's main field work was done in 1883. He
placed a bench-mark at the existing water line on Negit Island to record the
elevation of the lake (Figure 47). Mono Lake rose and remained above this
bench-mark from 1883 to 1950. When Russell's mark emerged in 1950, it was
found to have an elevation cf 6410 feet.

While Russell's bench-mark was submerged, other items in his report were
used to derive the elevation of the lake in 1883. Using four of such other
items in 1935, the writer also derived an elevation of Mono Lake in 1883 of
€410 feet.

Russell reported that it was thought by some that Mono Lake had risen a5
to 20 feet in the preceding 20 to 25 years. The beach on the west side of
the lake had been submerged nearly to the bease of the mountains by 1883. A
cabin was reported to have been built on the north side of Negit Island which
was wholly submerged in 1883.

Now that Russell's bench-mark has become available his comments can be
converted into dates and elevations. The rise of 15 to 20 feet in 20 to 25
years would represent & lake elevation of 6385 in 1863 and 6390 in 1868 if
the meximum rise reported is assigned to the longer time. If the cabin
required a depth at its site of 10 feet for its submergence, the lake woulgd
probably have been below elevation 6395 in 1861.

1J. D. Whitney, Report of Geological Survey of California, Vol. 1:
"Progress and Synopsis of Field Work for 1860-64."

2William H. Brewer, Up and Down California.

3Jomn F. Kidder, Appendix to Legislative Journals, 15th Session,
California, 1863-6L.

J. LeConte, "Extinct Volcanoes about Mono Lake," American Journal of
Science, Third Series, Vol. 18, 1879, p. 35.
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Figure u47.

Russell's Bench Mark on Negit Island in Mono lake.

Taken August 9, 1960. The pointer held by the author
covers the horizontal bar of the mark. The vertical
bar of the inverted T is shown.
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Ellsworth Huntington comments on trees he found to_be nearly 150 years
old which were killed by the rise of Mono Iake in l9lh.1 A similar tree was
cut by the writer in 1934. A ring count gave an age of 83 years. Huntington's
results indicate that Mono Lake had not risen above elevation 6419 in some
continuous past period of 150 years. The tree cut by the writer was on
higher ground and of shorter life. These trees were killed by the rise of
the lake in 1914 so that their period of growth immediately preceeded that
year.

The Southern Sierra Power Company had power plants on tributaries to
Mono Lake. Through Mr. Thomas H. Means, the company in 1931 supplied the
writer with results it had found relating to past elevations of Mono Lake.
Adjusted to present datum these results included elevations of Mono Lake on
July 27, 1898 of 6418 feet; in Oct., 1909 of 6422.5; and on Nov. 27, 1914 of
642k.6. Based on observed land marks, Mr. Jake Mattley, a local resident,
concluded that Mono Lake rose 25 feet from 1886 to 1928 with the more rapid
rise occurring from 1906 to 1912.

Much of Mono Lake was meandered in 1857. The City of Los Angeles has
located some of the meander corners and determined elevation. H. B. Lynch
made similar determinations for the Metropolitan Water District in 1933. The
writer has transferred the 1857 meander lines to the recent U. S. G. S. quad-
rangle sheets in this area. Lynch derived an elevation of Mono Lake in 1857
of 6376 feet. The writer has concluded that this result is supported by
these results and has used it in his work on Mono Lake.

There are several elevations of Mono Lake shown on the U. S. G. S. quad-
rangle sheets covering parts of Mono Lake. Some uncertain changes in datum
are involved for the earlier maps. Elevations of 6416.2 on July 27, 1898
and 6420.9 in Oct., 1909 have been derived from those results.

FLUCTUATIONS OF MONO LAKE 1857 TO 1912

The earliest derived elevation of Mono Lake is that for 1857 based on
the meander survey of the lake. There are other supported elevations in 1883,
1898 and 1909. In addition there are general statements regarding the amount
of change in the elevation of the lake over different periods. These results,
by themselves, are insufficient to enable the annual elevations to be derived
from 1857 to 1912 when regular observations began.

As an aid in the interpolation of the fluctuations of Mono Lake from
1857 to 1912, the writer has used precipitation and runoff indices for this
area. These are expressed in percentages of their mean and were used
as a guide in the distribution of the known overall ‘fluctuations to
individual years. While not a substitute for actual records, the resulting
fluctuations shown on Figure 48 should be more representative of the actual
fluctuations than a straight line connecting the known points.

A similar procedure was used by H. B. Lynch in his work on Mono Lake.
His results have also been plotted on Figure 48.2 The variations between the

1E. Huntington, Civilization and Climate, 3d Edition, 1924, p. 326.
2Henry B. Lynch, "Pacific Coast Rainfall-wide Fluctuations in Hundred
Years," Western Construction News, July, 1948, p. 76.
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result derived by Lynch and the writer illustrate the degree of uncertainty
involved in such estimates. In Figure 48 the derived fluctuations of Mono
Lake from 1857 to 1912 and the recorded results since 1912 are shown. This
shows the generally steady rise during the period from 1860 to 1920, a
lowering of 12 feet from 1920 to 1935, then a generally steady elevation to
1945 when the effect of the diversion by Los Angeles began to be felt with a
steady lowering from 1945 to date.

The fluctuations of Mono Iake shown on Figure 48 have been used later
in the computations of the inflow to the lake from 1857 to 1960u

RUNOFF OF DRAINAGE BASIN OF MONO LAKE 1857-1960

The fluctuations of Mono Lake, together with its area and capacity
curve, enable the changes in the volume in the lake and the area exposed to
eveporation and precipitation on the lake to be derived for any time period
covered by the records of the elevation of the lake. These items enable the
inflow to the lake to be computed for the same time periods.

Prior to 1940, when diversion by Los Angeles began, the inflow to Mono
Lake represented the runoff of its tributary drainage area. Consumptive use
resulting from diversions within the Mono Lake basin has been and still is a
minor element in its water supply. The diversion out of the Mono Basin has
been measured. There are some springs discharging into Mono Lake. The amount
of such inflow is not measurable but is not considered to be large. Springs
in the recently exposed lake bed are small seeps. It is not necessary to
separate spring and surface inflow in the derivation of the total inflow.
There are no known leakages from the lake.

The rate of evaporation from Mono Lake has been derived in preceding
portions of this report. The mean annual gross evaporation has been esti-
mated to be 3.25 feet. The records of precipitation on the lake are inade-
quate. Based on the available records the writer has estimated the mean
annual precipitation on the lake to be eight inches. This has been varied
in individual years by the use of the precipitation indices derived for this
general area.

The computations used to derive the runoff of the drainage basin of Mono
Lake from 1857 to 1959 are shown in Table 24. The mean for this period is
151,100 acre-feet. The variations in this runoff during different parts of
this 102 year period are also shown in Table 24. The runoff of the first
54 years from 1857 to 1911 was 110 per cent, and of the last 48 years from
1912 to 1959 was 89 per cent of the 102 year mean. The runoff for this first
period was 124 per cent of that of the second period.

The general character of the variations in the inflow to Mono Lake
during this 102 year period is shown by the accumulated departures plotted in
Figure 49. The excess inflow to 1918 represents an accumulated departure from
the mean of nearly six years of mean annual inflow, with a similar total
deficiency from 1919 to 1959.

SUBMERGED VEGETATION ON MONO LAKE

Some trees and brush have been submerged by the rise of the lake on the
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ELEVATION OF MONO LAKE
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southwestern portion of Mono Lake. Mountain mahogany grew on the rocky slopes
north of Leevining, and pines and cottonwood grew on the delta of Leevining
Creek. Mountain mahogany over 100 years o0ld was submerged by the rise of

the lake prior to 1914. Stumps and dowrf‘trees have been exposed at lower
elevations by the recession of the lake since 194O.

In 1962 Mono Lake was about 20 feet higher than its elevation in 1857.
Further lowering will occur as a result of the present diversion of its
inflow. As this lowering takes place there will be an opportunity to examine
the exposed lake bed and perhaps to find stumps of former trees at lower
elevations. The following discussion is based on the observations that can
be made at this time.

In 1960 Donald B. Lawrence secured a sample from a stump on the south
shore of the lake which has been Carbon 14 dated as 920 © 90 years.l A view
of this stump is shown in Figure 50. The C-14 result places the date at
which this tree was killed by a rise of the lake at about 1000 A.D. A count
by the writer of the remaining wood in 1960 indicated a probable growing life
of about 50 years. To have been preserved 900 years this stump had to have
been submerged all, or nearly all, of this period.

This stump represents a fifty year period in which Mono lLake was below
elevation 6400 feet. It was out of water prior to 1875 and became submerged
by the rise of the lake at that time. The writer had assumed that this tree
grew in the period immediately preceding 1875.

This Carbon 14 dating requires a different estimate of the past eleva-
tions of Mono Lake. While this stump was tufa coated so that its usual
process of decay was retarded, to have been preserved for 900 years would
require that it was submerged for the major part of this period. Uncoated
stumps around Eagle Lake have decayed in about 40 years of exposure to the
air.

Two fallen trees were exposed by the lowering of Mono Lake in 1961.
These had been uprooted on the south shore of the lake east of the mouth of
Leevining Creek. They are shown in Figures 51 and 52. They grew on ground
at elevation 6398 feet. Increment borer cores indicated ages of 60 and T5
years. As the ground on which they grew is marshy, they are probably cotton-
wood. They are over two feet in diameter. The wood was fairly well preserved
with the interior of the trees somewhat soggy.

No Carbon 14 dating has been secured of the wood in these trees. They
could have grown in a period preceding 1875 when the rise of the lake sub-
merged the ground on which they grew, or they may have grown in some earlier
period and have been preserved by their continuous submergence until exposed
by the lowering of the lake at some time prior to 1857. The entire trees had
been tufa coated which would indicate a relatively long period of submergence.

v

1ponald B. Lawrence & Elizabeth G. Lawrence, '"Response of Enclosed ILakes
to Current Glaciopluvial Climatic Conditions in Middle ILatitude, Western North
Americaj Annals of the New York Academy of Sciences, Vol. 95, Art. 1, 1961

p. 341.
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Figure 50.

Stump on south shore of Mono lLake.

Taken July 31, 1962 by S. T. Harding. This is the stump
from which D. B. lawrence toock his sample for Carbon-14 dating.
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Figure 51.

Trunk and base of fallen tree on south shore of Mono Lake.
Taken July 17, 1961 by S. T. Harding.

This is the more easterly of the two fallen trees, about one-
fourth mile east of the mouth of Leevining Creek. This tree
grew on ground at about elevation 6398. The view shows the
uprooted base and the tufa deposits around it. The second
tree in this area is in the background.

Figure 52.

Fallen Tree on South Shore of Mono ILake.

This is the more westerly of the two down trees in this ares
about one-fourth mile east of the mouth of Leevining Creek.
The base of this tree is on ground having an elevation of

about 6398 feet. The extent of the tufa coating on this tree
shows clearly in this view.
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INFLOW TO MONO LAKE PRIOR TO 1857

Starting with the elevation of Mono Lake in 1857 conclusions can be
drawn regarding the probable fluctuations of the lake prior to that date.
Mono Lake was about 20 feet lower in 1857 than it was in 1962. Its preceding
inflow would have been an amount which would have resulted in this elevation.
Under present diversions, and with an average runoff similar to that since
1857, Mono Lake will not reach its 1857 elevation until about 1980.

At its 1857 elevation of 6376 feet, Mono Lake had an area of about
40,000 acres. To maintain this area an annual inflow of about 100,000 acre-
feet is required. This is only about two-thirds of the mean annual inflow
since 1857.

There would need to be a period of undefined length prior to 1857 in
which the inflow to the lake was insufficient to maintain the lake at a
higher elevation. The driest period since 1857 has been the 19 years from
1919 to 1937 when the inflow was 79 per cent of the 102 year mean from 1857
to 1959. The inflow to Mono Lake for some period prior to 1857 would need to
have been over 15 per cent less than that for any period since 1857 in order
that the lake would lower to its 1857 elevation.

Mono Lake may have been lower than its 1857 elevation prior to that
year. If this was the case there would need to be a period of larger inflow
to raise the lake to its 1857 elevation. Such a period would have to be
preceded by a period in which the lake lowered below its 1857 elevation. In
such a lowering period the inflow would be even less than that required to
maintain the lake at its 1857 elevation.

On the eastern shore of Mono Lake there are stratified clay beds which
have been eroded by the lake when it has been at its recent elevations.

These beds appear to have been formed by volcanic discharge of fine materials.
They show stratification similar to those in delta formations but there are
no local streams entering this side of the lake. Mono Lake has now receded
well away from the base of this bluff. While the present conditions indicate
the results of the past actions of the lake, they do not supply a basis for
dating past elevations of Mono Lake.

QUALITY OF WATER IN MONO LAKE

The quality of the water in Mono Lake has been the subject of several
general (and sometimes fanciful) accounts. Fortunately, enough actual
analyses during the last 80 years are available to enable determination of
the variations that have occurred in its quality.

Russell reports an analysis of the water in Mono Lake in 1883.1 A more
careful analysis of the same water was made by Chatard. The content of total
solubles was 5.35 per cent. For 3,8&0,000 acre-feet, the volume in Mono Lake
at this time, this analysis represents a total soluble content of 275 million
tons.

lRussell, Quaternary History of Mono Valley, Calif.
2F. W. Clarke, "Data on Geochemistry," U. S. G. S. Bull. 770, 1924,
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Since 1930 the City of Los Angeles has analysed the water of Mono ILake
at various times. These results were made available to the writer. Typical
analyses are shown in Table 25.

All of these analyses have been computed in terms of the total tonnages
of solubles in the lake water. The total volume of water in the lake has also
been determined at the times the samples were secured. These results are
shown in Table 25.

The results in Table 25 have been plotted in Figure 53. The total tons
of solubles in Mono Lake has remained relatively constant during the reduction
in its volume from 1930 to 1960 of over 25 percent. The results of the 1883
sample are also shown in Figure 53. The average total tonnage of solubles for
the samples from 1940 to 1960 is about 290 million tons. The result for the
1883 sample of 275 million tons leaves room for some increase from 1883 to
1940, although the difference in these results of five percent is within the
range of the individual samples from 1940 to 1960.

THE FUTURE OF MONO LAKE

The future elevations of Mono Lake will be determined mainly by the
amount of the diversion from its basin. The present canals in the basin and
the tunnel from the basin of the City of Los Angeles have an average diversion
capability which may be equal to two-thirds of the mean annual runoff tributary
to Mono Lake. For continued operation of the present works, the future mean
annual inflow to Mono Lake may be about 50,000 acre-feet. For the net annual
evaporation rate of 2.6 feet, such an inflow wil® maintain a lake having an
area of about 20,000 acres. Mono Lake has such an area when it is at elevation
6320 feet. This is about 75 feet lower than the elevation of the lake in 1962.
Even with no inflow, 30 years would be required for Mono Lake to lower to this
elevation. The rate of lowering will be reduced as the lake approaches a
balance with such a supply, and a much longer period than 30 years will be
required before such a new balance is reached.

If Mono Lake lowers to elevation 6320 feet, it will contain about 700,000
acre-feet, equal to about one-fourth of its present wolume. This, in turn,
will result in increasing the present soluble content about four times to about
25 percent. Some crystallization of salts may occur before the lake lowers to
elevation 6320.
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MINOR LAKES

The term minor lakes is used for lakes whose available records represent
a minor item in deriving the past water supply of the western Great Basin.
They may not be minor in their importance in their own area.

Some of these lakes contribute to the general water supply picture at
times, particularly in periods of deficient runoff. Their records have been
sought to the extent that they may have usefulness but the writer has not
attempted a complete study of their history. Each of these lakes is discussed
to the extent that it may contribute to the purposes of this report.

TULE LAKE

Tule Lake and Lost River are in the Klamath River drainage area west of
the Great Basin. The early accounts describe a so-called Indian ford, the
crossing shown to the early explorers in this area by the Indians. This ford
was described as a natural bridge under which Lost River was thought to flow.
Later it was found that the rock formation was solid. The present diversion
dam near Merrill is built on this formation. It could be used as a ford
during the lower stages of Tule Lake but was subject to deeper overflow when
Tule Lake rose.

Reports from 1846 to 1855 all show the natural bridge in use as a ford
indicating a relatively low stage for Tule Lake. Indian legends report Klamath
Marsh to have been dry in the 1840's.

While these reports are general, they indicate that the relatively low
stage of Goose Leke in the 1840's also was applicable to Tule lake to the west.

SURPRISE VALLEY LAKES

The Surprise Valley Lakes lie east of the Warner Range along the
California-Nevada line in northeastern California. These three lakes have
fluctuated during their observed history. They are shallow and have gone dry
at times. 1In recent years the use of their inflow for irrigation has reduced
their water supply.

The frequency with which these lakes become dry places them in the class
of playas. Prior to diversion of their tributary inflow, some water remained
in one or more of the three lakes except during sustained drouths.

The first account of these lakes in 1840 by Applegate indicates that there
was only one small lake.l This represents almost complete dryness. Available
accounts in 1849 establish that Upper and Middle Lakes were dry in that year.
These results are consistent with that for other areas in the western Great
Basin during the 1840's.

SNAG LAKE

Snag Lake, in the southeastern part of Lassen National Park, was formed

lLindsey Applegate, "Notes and Reminiscences of Laying Out and Establishing
the 0ld Emigrant Road into Southern Oregon in the Year 1846," Oregon Historical
Society Quarterly, Vol. 22, 1921, p. 12,
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by a lava flow across the valley which it occupies. This flow is relatively
recent, perhaps about 250 years ago, although conclusions on its age vary.
Until recently there were dead trees submerged in the lake whose trunks
extended above the water. The lake had been 10 to 12 feet higher than its
elevation in 1960. The available records do not enable such fluctuations to
be dated. Snag Lake is interesting in itself but its past record does not
add to the information on past water supply secured from other enclosed lakes
in this area. Carbon 1L dating on the submerged trees might aid in fixing
the date of the formation of Snag lake.

CRATER LAKE, LASSEN COUNTY, CALIFORNIA

Crater Lake near Bogard, Lassen County, California, is a small lake on
which records of elevation have not been kept. Trees around the lake indicate
that the lake has been about 10 feet higher at some time in the past, probably
about 1915 as the trees now growing in this area are young. A comparison of
the expected runoff of the tributary area and the probable evaporation from
the lake indicates that some leakage probably occurs. While the area of this
lake is only about 25 acres, it is a little gem set in a forested crater.

HORSE LAKE

Horse Lake is a semi-playa situated north of Susanville, Lassen County,
California. It has gone dry at times. In years of unusually large inflow it
overflows to Pete's Creek, a tributary to Honey Lake. Available records do
not cover its elevation. The first reported overflow occurred in 1869.

HONEY LAKE

Honey Lake in eastern Lassen County, California, usually contains water
but has gone dry at times. Its inflow is now reduced by the depletion
resulting from irrigation on its drainage area. The available records are
not sufficient for its fluctuations to be derived. Prior to irrigation the
area of the lake varied from zero to 64,000 acres. In an 1845 account by
James P. Beckwourth the lake is described as a large body of brackish muddy
water with 1000 Indians living around its shore.l The lake was reported to
have been dry in 1859 and relatively high in 1868. These early accounts show
water in the lake in the 1840's but do not define its elevation. If the lake
went dry in 1859, the 1850's would have had a greater deficiency in inflow
than the 18L40's.

HUMBOLDT LAKE
Humboldt Lake or Sink was on the main travelled route in the 1840's and
there are numerous references to it in the diaries of the emigrants. These,

however, do not define its stage. There is also uncertainty regarding the

17, P. Beckwourth, quoted by Fariss and Smith in History of Plumas,
Lassen and Sierra Counties, 1882.
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condition of its outlet through the bar across its southern end. The first
report by Ogden in 1829 indicates a lake without outflow.l In 1841 Bidwell
reports a stagnant lake without outflow. 2 Other reports during the 1840's use
such terms as "a sea of slime"3 and refer to the water as smelling like rotten
eggs. In July 1850, outflow was reported by Legyard The lake was called
brackish and shallow in August 1850 by Loveland.® By 1860 Horace Greeley
reports it as a fine sheet of water having an outlet stream. T

After 1860 the increased inflow and later the construction of the dam in
the outlet channel resulted in higher elevations in Humboldt Lake. It became
dry again in 1880. After 1880 the depletion in inflow resulting from upstream
irrigation resulted in generally low stage of the lake.

The available reports relatingto Humboldt Lake are consistent with those
of other enclosed lakes in this area. There were similar low stages prior to
1850 with a rise in the 1850's which was maintained until depletion from
irrigation caused reduction in the inflow.

LAKES IN NORTHEASTERN NEVADA

There are some enclosed lakes in the Great Basin in northeastern Nevada
whose fluctuations, prior to the diversion of their tributary inflow, reflected
the variations in the water supply of their drainage areas. These lakes are
generglly shallow and can be classified as playas. This group includes Ruby,
Franklin, Goshoot (Goshute), Snow Water or Eagle and Diamond Lakes. Ruby and
Franklin Lakes are interconnected; the others are in separate basins. The
limited information regarding these lakes is insufficient to enable their
variations durlng the past 100 years to be defined. The reports of Beckwith
and Simpson fndicate lower stages of these lakes in €he 1850's than those
that occurred after 1860.

OWENS LAKE

Owens Lake formerly received the runoff of the Owens River and fluctuated
with its variations. By the 1870's and 1880's diversions from the river for
irrigation began to deplete the inflow. Later the diversions by the Los
Angeles Aqueduct resulted in Owens Lake becoming dry.

Owens Lake is further south than the other lakes studied by the writer.
No separate search was made for early reports on the lake. Where information
was found incidentally while working on other lakes, it was noted. Based on
Fremont's account Owens Lake appears to have been relatively low in the 1840's
although there was a large shallow body of water.

lp, s. Ogden, "The Peter Skane Ogden Journals," Oregon Historical Society
Quarterly, Vol. XI, 1910.

John Bidwell, Ethoes of the Past about California.

3Reuben C. Shaw, Across the Plains in 'k0, p. 137.

Journal of Heinrich Lienhard, trans. from German by Erwin G. and
Elizabeth Gudde, 1961.

JEdgar M. Ledyard, Journal of Birmingham Emigrating Company.

6Cyrus Loveland and Richard Dillon, California Trail Herd.

THorace Greeley, Overland Journey to California.
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VARIATIONS IN THE RUNOFF OF THE WESTERN GREAT BASIN
DERIVED FROM THE RECORDS OF THE ENCLOSED LAKES

The available records and other information relating to several of the
enclosed lakes in the western Great Basin have been presented and used to
derive the runoff of their drainage areas. For some of these lakes these
results cover periods as long as the past 300 to 400 years. Fairly complete
annual records are available since about 1900. The results for Goose, Eagle,
Pyramid-Winnemucca, Tahoe and Mono Lakes can be used to indicate the variations
that have occurred during this 60 year period of record. The available infor-
mation on the fluctuation of these lakes prior to 1900 can then be used to
compare the earlier runoff with that since 1900. From about 1850 to 1900
there are some direct observations on these lakes. General conditions prior
to 1850 can be derived for some of these lakes from tree records.

The western Great Basin is an area of general water deficiency. The
ultimate development that may be made in this area from its own water supply
will be dependent on the extent to which its own stream flow can be regulated
to meet the demands for its use. While the preceding results in this report
have been expressed mainly in terms of their percentage of the mean, it is the
variations from the mean which determine the extent to which the runoff can be
utilized.

Storage capacities of from six to to times the mean annual runoff would
have been required to equalize the annual stream flow in the period 1902 to
1959. There are no available reservoir sites on the tributaries to the
enclosed lakes which have sufficient capacity at feasible costs to provide
this extent of regulation. The usable storage capacity of Lake Tahoe is
about four times its mean annual outflow. This storage is insufficient to
prevent both shortages in its outflow in period of deficiency and spills in
periods of excess supply. Tahoe has the further disadvantage that it does
not go dry and stop its evaporation loss at times of deficient inflow.

Even if reservoir sites of low cost with capacities in excess of the
needs were available, complete use of the streams of the western Great Basin
could not be secured. Reservoirs result in losses of their inflow by evapora-
tion. For long periods of carryover storage the evaporation loss from the
reservoirs may cmsume the additional supply stored in reservoirs of large
enough capacity to provide such periods of storage. The part of the runoff
which is not used by direct diversion, and which cannot be stored in available
reservoirs of feasible cost, will continue to maintain enclosed lakes of
substantial area.

Among the questions which need to be answered in planning additional
water development in the western Great Basin is the extent to which carryover
storage will be required to meet the requirements in the critical periods of
deficiency in runoff. For irrigation use some shortages in supply can be
endured without large loss and severe deficiencies may affect the crop yields
only in the periods in which they occur. For municipal and industrial use the
extent to which shortages can be endured is limited, and the future new
supplies for such uses will need to be more fully protected against shortages
than those for irrigation. In the future there will be an increased demand
for water for municipal and industrial use. The costs of the remaining
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projects have approached and will soon exceed the value of the irrigation
which they can supply.

In some areas shortages in the surface stream flow can be met by
increased draft on the local groundwater. Use 6f groundwater in the areas of
these western Great Basin streams has not, as yet, been extensive enough to
create an overdraft on the ground water. While the available ground water
supplies in some areas are sufficient to be helpful in meeting shortages, they
do not appear to be large enough, based on the results of investigations to
date, to meet major stream deficiencies.

One of the purposes of the writer in his work on these enclosed lakes, in
addition to the general interest in their history, has been the desire to
extend the observed record over longer periods of time and to compare the
periods of deficiency that have occurred within the period of direct records
with those indicated by earlier results. While the extent and character of
the variations in the future water supply cannot be predicted with certainty,
either as to their extent or the time of their occurrence, the best basis for
forecasting the future is to assume that what has happened in the past will be
repeated in the future. For this purpose, the longer the past record the
greater is the probability that it will include the extremes in the runoff
that may recur in the future.

Much effort has been expended in the past in attempting to define cycles
which occur in the variations in precipitation in this and other areas. Such
efforts have not been successful in deriving cycles which can be used to fore-
cast the character of the water supply. The variations which occur do not
follow a predictable pattern.

Various investigators have thought that they have found cycles of periods
which have occurred in the water supply, or in items which might be related to
the variations in precipitation, such as sunspcts. The writer has been inter-
ested in the existence of such cycles, if they exist, and has followed many of
these results. In the writer's opinion; no cycles in the water supply have
been found that can be used to predict its future extent, and past results do
not encourage hope that they may be found.

The variations in the water supply of the western Great Basin can best be
discussed in the three periocds represented by the extent of the available
information. These are the period of generally adequate records since 1901,
the period of some records from 1850 to 1900, and the period of interpretation
of other sources prior to 1850. These periods have been used.

RUNOFF FROM 1902 TO 1959.

There are sufficient records from which the annual runoff of the drainage
areas of Goose, Eagle, Pyramid-Winnemuccsa and Mono Lakes can be derived from
1902 to date. Similar information is available for the inflow to Lake Tahoe.
These results have been discussed and the conclusions reached have been pre-
sented in preceding portions of this report for each of these lakes. The
additions of the records since 1959 would add to but not essentially change
the conclusions reached from the records te 1959.

The records for these separate drainage aress can be compared most con-
veniently when expressed in terms of their percentage of their own means for
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common period. This has been done. The results are shown in Table 26 for
each year of this 50 year period. The actual runoff in acre-feet for each
source has been derived in the discussion of each of these drainage areas 1n
the preceding portions of this report.

For most of the years in this period, annual results were available.
These results were derived mainly from the fluctuations of the enclosed lakes.
At some times records of the annual elevations are not available. For such
periods only the average inflow for the period can be derived and has been
used. For such periods the result for the different lakes are not fully
comparable.

A long record for a drainage area can be used as the key to the past
variations in runoff which have occurred on its drainage area. To apply
results for a drainage area to other areas requires a knowledge of what areas
are subject to the same annual variations. One test for such areal variations
can be made by using the results for the five drainage areas tributary to the
lakes previously listed.

In Table 27 the results from Table 26 have been used to derive the minimum
periods of from one to 20 years. The minimum single years in this period are
less than 30 percent of the period mean except for Mono Lake and are below 20
percent of the mean for two of the five drainage areas.

Deficient years may occur in sequence as shown by the minimum two and five
consecutive year means. The five year means in Table 27 are less than one-
half of the 58 year mean for three of the five areas. The minimum seven year
period is included in Table 27 to cover the deficient runoff from 1928 to 1934,
For four of the five areas, the 10 year minimum runoff is less than 60 percent
of the 58 year mean. Four of the five areas show a minimum 20 year period of
75 percent or less of the 58 year mean.

In Table 27 the variations above the mean for the 58 years 1902-1959 are
also shown. These show that single years and two years in succession may
exceed twice the mean. Ten year periods may have runoffs of 150 percent and
20 year periods 125 percent of the mean. For periods up to 10 years the
variations for Mono Lake are smaller than those for the other areas. The
results for Lake Tahoe for inflows above the mean are similar to those for the
entire drainage area of the Truckee River.

There are differences in the extent of the variations in the runoff of
these six drainage areas. Mono Lake is subject to less wide variations than
the others. This may be the result of its location in the area of overlap
between the storms coming from the south and those entering California from
the north. For the Truckee River drainage area tributary to Pyramid Lake, the
higher drainage area of Lake Tahoe is subject to less wide variations than the
entire drainage area. This would be expected as the drainage area of Lake
Tahoe receives larger precipitation than the average for the remainder of the
drainage area.

No single expression is a full measure of the degree of variability in
the runoff of these different areas. Alternate methods have been used.

To secure a general picture of the variation of each area over the 58
year period used, the annual percentages of the mean were computed in terms of
their accumulated departures from their means. These were then plotted for
each of the five areas. The results are shown in Figure 5k.
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Figure 54 shows some periods in which some of these areas had similar
values for their accumulated departures from their means, and some in which
there were relatively wide differences. The Goose Lake area shows the widest
differences from the others. Mono Lake had smaller accumlated departures than
the other areas.

The drainage areas shown in Figure 54 extend for a distance of about 300
miles along the eastern slope of the Sierras and the Cascade range. Goose
Lake is within the area of influence of the storms having a more northerly
course, and Mono ILake receives some storms from the southwest. The other
areas are within the Central California influences and receive the moisture
that remains after such storms have crossed the crest of the Sierras. While
a general similarity might be anticipated in the annual variations in the run-
off of these areas, full agreement would not be expected.

In Figure 54 the results for Lake Tahoe and the entire drainage area of
the Truckee River are in generally good agreement. This would be expected as
the drainage area of Lake Tahoe is an important part of that of the Truckee
River. Eagle Lake shows a generally similar pattern to that of the Truckee
River, with a somewhat wider range in its accumlated departure from its mean.
These three areas show runoffs in excess of their 58 year means from 1902 to
about 1917. This was followed by a period of reduced runoff extending to 1937.
Since 1937 the variations from the mean have been smaller. The results for
these three periods for these three areas are as follows:

Mean Annual Runoff in Per Cent of
58 Year Mean, 1902-1959
Drainage Area of
Years Fagle Lake Lake Tahoe Entire Truckee
River

1902-1917 16 14 1Sk 128

1938-59 22 JLTiL 101 105

The periods shown in this table are longer than those for which it is
usually practicable to equalize the runoff by storage.

From 1918 to 1937 the mean runoff of Eagle ILake was 4l percent below its
58 year mean. From 1902 to 1917 the runoff was 41 percent above the same mean.
Complete storage in this earlier period would not have met the shortage of the
second period. Eagle Lake has adequate capacity below its rim to control the
variations in its inflow, but its area is relatively large in relation to its
storage capacity, and increased storage results in increased evaporation. This
is illustrated by the results previously discussed where the effect of the
diversion from Eagle Lake through the Bly Tunnel ending in 1935 has now been
offset by the increased evaporation that would have occurred if the water
diverted had remained in the lake. TFor Goose Lake similar comparisons to
those previously discussed for Eagle Lake and Truckee River give the following
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results:
Goose Lake Mean Annual Runoff

Period in Per Cent of 58 Year Mean.

1902-1k4 13 127
1915-35 21 38
1936-59 2k 140

These results for Goose Lake illustrate the wider range of variation
to which its inflow is subject than in the case of Eagle ILake. It will not
be feasible to regulate fully the inflow to Goose Lake and there will always
be substantial average annual inflow remaining under any presently foreseeable
conditions. As Goose Lake is relatively shallow, it went dry in much of the
1915-35 period and it can be expected to go dry again when similar periods
occur in the future.

D. B. Lawrence, in an article entitled "Response of Enclosed Lakes to
Current Glaciopluvial Climatic Conditions in Middle ILatitude Western North
America,'l summarized his conclusions as follows:

A survey of the history of fluctuations of 20 enclosed lakes

from northern California to Central British Columbia showed strong

growth since 1940 with crests ranging from 1952 to the summer of

the survey, 1960. The more recent crests, chiefly in 1957, 1958

and 1960, tended to occur in the more northerly parts of the area.

Lawrence found that Albert Lake in Oregon, about 30 miles north of Goose
Lake, had risen by 1958 to nearly all-time record stages. Records since 1915
compiled by Kenneth N. Phillips of the U. S, Geological Survey show its highest
stage to have been reached in 1960. For the five years from 1955 to 1959 the
inflow to Goose Lake was 160 percent of its 58 year mean. For the same years
Eagle Lake had an average inflow of 150 percent of its 58 year annual mean ;
the Truckee River and Mono Lake runoff was less than 10 percent above their
similar means.

For Mono Lake the accumulated departures from the mean show the following
results:

Mean Annual Runoff in Per
Period Years Cent of 58 ¥ear Mean

1902-19 18 118
1920-35 16 82
1936-59 2L 99

For this 58 year period the runoff of the drainage area of Mono ILake

shows a much smaller range of variation from the mean than that of the other
streams previously discussed.

lAnnals of the New York Academy of Scf
iences, Vol. 95, Art. 1 5l
350, 1961. 4 s > Pp. 3
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The results of another effort to find a basis for comparison of the run-
off of these areas are shown in Figure 55. The five year progressive means
were computed and the results for the last year in each five year period
plotted for its last year. The results are generally similar to those for
the accumulated departures from the mean shown in Figure 54. Here again
Goose Lake shows the widest variation from the other areas.

Further smoothing of the results in Figure 55 would still show the period
of excess runoff from 1902 to about 1917, the deficient period from about 1917
to 1935, and variable results having a runoff more nearly equal to the 58 year
mean from 1936 to 1959. The first of these two periods differ in the extent
of their variation from the mean, but all of the drainage areas shown reflect
the marked difference between the two periods.

The mean variation from its own mean for each of the five drainage areas
for the 58 year period from 1902 to 1959 is shown in the following tabulation.
These results are in terms of the average departure from its own mean, either
plus or minus.

Average Variation from the Mean
Drainage Area in Per Cent of the Annual Mean.

Goose Lake 49
Eagle Lake

Truckee River

Lake Tahoe

Mono Lake

The preceding results for 1902 to 1959 represent variations in runoff
during a 58 year period in which the conclusions reached are supported by
generally adequate records. The available information on periods prior to
1902 is less complete. It has been used to determine whether more extreme
variations in the runoff of these areas have occurred in these earlier years
rather than to derive annual detail.

RUNOFF FROM 1850 TO 1901

The records since 1902 enable the runoff of the drainage areas tributary
to the enclosed lakes of the western Great Basin to be derived generally on an
annual basis. This has been done and the results have been discussed.

Observations of the enclosed lakes from which their elevations can be
derived began to be made about 1850. From this time to 1902 there are suffi-
cient records to enable the general fluctuations of these lakes to be defined.
However the available information does not permit results for each year to be
determined and only the mean runoff from the periods between the times when
the lake elevations are available can be computed. Even incomplete records
enable the derivation of fluctuations of these lakes and the runoff of their
tributary drainage areas, so that the general variations in runoff from 1850
to 1901 can be computed and compared with the results from 1902 to 1959.

185




v

*— —x% GOOSE LAKE
a~——n EAGLE LAKE
Xemm ST X TRUCKEE RIVER
—=—"° LAKE TAHOE
eeesie MONO LAKE

o
o

a
(@)
L
=
<<
wl
=
L
o
’_
=
(]
O
@
L
a
=
L
s
(@)
=
>
@

FIVE YEAR PROGRESSIV

1930
YEARS

FIG.55 FIVE YEAR PROGRESSIVE MEANS FOR THE RUNOFF OF
DRAINAGE AREAS IN THE WESTERN GREAT BASIN - 1902 -1959




The completeness of the records from 1850 to 1901 varies for the four
enclosed lakes. Records for Lake Tahoe prior to 1902 are insufficient to
enable its fluctuations to be defined. The results have been discussed for
each lake in the earlier portions of this report. The parts of this period
for which the runoff can be derived are shown by these results.

On Goose Lake the elevation of the lake is well established in 1849. For
Eagle Lake the first record of its elevation is in 1875. For Pyramid and
Winnemucca Lakes, Fremont's account in 184l enables their then elevations to
be determined. The 1857 meander survey of Mono Lake starts the direct
observations there.

The results for each lake have been summarized for this period followed
by a comparison of the individual lakes and conclusions regarding the varia-
tions in runoff which occurred in this period.

GOOSE LAKE

The inflow to Goose Lake for five periods of about 10 years each between
1850 and 1901 is shown in Table 28. These show a deficient inflow in the
1850's, a large excess in the 1860's, another deficiency in the 1870's with
somwhat above average for the last two periods. As a whole the 52 years from
1850 to 1901 had a runoff of the drainage area of Goose Lake 26 percent greater
than the mean for the 59 years 1902 to 1959.

EAGLE LAKE

For Eagle Lake from 1850 to 1902 there are enough records to indicate its
fluctuations from 1875 to 1902. For 1850 to 1875 the record of the submerged
stumps enables the elevation above which the lake did not rise to be approxi-
mated. These results indicate a general rise from 1850 to 1875 of four feet,

a lowering of two feet from 1876 to 1889, and a rise of seven feet to 1902.

The derived inflow to Eagle Lake for these four periods in this 52 year period
is shown in Table 29. The results for the last two periods are those previously
derived in Table 8; those for the first two periods are computed on the basis
shown. For the 52 years 1850-1901 the mean annual inflow to Eagle Lake was

119 percent of that for the next 58 years.

PYRAMID AND WINNEMUCCA LAKES

The total runoff of the drainage area tributary to Pyramid and Winnemucca
Lakes is the equivalent to the runoff of the drainage area of Truckee River as
the remaining drainage tributary to the lakes has a negligible runoff. The
runoff of Truckee River for the years 1850 to 1902 has been derived in the
report on Pyramid and Winnemucca Lakes. The results for the portions of this
period which represent similar amounts of runoff for which records of lake
elevations are available are shown in Table 30.

Figure 30 shows that the runoff of the Truckee River was deficient in the
1850's and above the mean for the remainder of the period 1850 to 1901. For
the entire 52 years from 1850 to 1901 the excess runoff of the Truckee River
was not as large as that for Goose and Eagle Lakes.
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MONO LAKE

For Mono Lake the earliest record is that derived from the meander
survey in 1857. Results for the mean inflow for three periods from 1858 to
1901 are obtainable from the results in Teble 24. For 1850 to 1857 the
estimated inflow has been computed on the assumption that Mono Lake has an
area for this eight year period equal to that in 1857. An average annual
inflow of 100,000 acre-feet would be needed to maintain this area. These
results are shown in Table 31.

The mean inflow for the 52 years from 1850 to 1901 was 112 percent of
that for the 58 years from 1902 to 1959. The inflow from 1850 to 1857 was
somewhat less than that in any similar period after 1901, and was nearly as
large 1858 to 1868 as that in any 10 year period since 1901.

KING'S REPORT

In the U, S. Geological Survey of the L4Oth Parallel Horace King discusses
general climatic conditions in the Great Basin. This report was published in
1878; the main field wrk was done from 1867 to 1871. After commenting on the
rise of Salt Lake in preceding years King states (p.525):

The cycle of moisture which has recorded itself in the increased
volume of Salt Lake is also evident in many other localities and in
different ways. Mono and Owen's Lakes at the east base of the Sierras
show a corresponding rise, and, as has been stated before all the
residual lakes in the basin of Lake Lahontan evince the same change...

It becomes a question of great interest to determine whether this
recently observed climatic oscillation is within the range of frequent
occurrence, or whether it is a noteworthy departure from the climatic
habit of the immediate past. Some light is thrown on this question in
the alpine regions of the Sierra Nevada and the higher points of the
desert ranges. The phenomena, however, are so much more clearly shown
upon the Sierra summit, that I confine myself to this region in
discussing this point.

Below the line of perpetual snow is a variable, open region of
about 1,000 feet in altitude, in which the tree-growth is rather
scarce and comprises only strictly alpine species. Below that point,
from Alaska nearly to the Mexican line, is a continuous dense growth
of coniferous forest. A very large number of observations on the
average age of the timber growth at its upper limits shows a mean of
about 250 years. Since the late cycle of increased moisture, the
winter accumulation of snow on the Sierra summit is evidently greater
than since the earliest growth of the present forest.

The barren zone which I have mentioned, between the perpetual
snow and the main timber growth, represents a region where the snows
accumulate too thickly for the propagation of the coniferous species,
and may be said to express the downward limit of the encroachment of
snow for 250 years.

In the present climatic change the snow accumulation is greater
and extensive avalanches where the topographic configuration favors,
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have begun to pour down into the true forest belt and to sweep before
their rush considerable areas of native growth. An avalanche starting
in a high alpine gorge ploughs its way downward, not infrequently
mowing down a half mile of adult trees.. It is obvious that no such
avalanche could possible have occurred during the generation and
growth of this forest.

On the summit of the Central Pacific Railroad Pass are a
considerable number of well grown coniferous trees. An examination
of them showed that they were at that time being seriously damaged,
and in some cases actually killed, by the drifting snow-crystals
borne of the strong west winds during the winter storms, the notch
or depression of the pass making a sort & funnel, through which the
wind blows with unusual violence, concentrating its freight of sharp
snow crystals, which not only wore away some of the foliage of the
trees, but actually cut off the bark from exposed positions and sawed
into the wood for several inches. An inspection of the branches thus
cut showed that the annual rings had formerly perfected themselves
and that the snow had worn off considerable portions, often several
inches, of the thickness of the wood, leaving a smooth polished surface,
displaying the cut edges of the layers of annual growth. From these
facts it would appear that the existing climatic oscillation began
before the year 1820, and was the first of its kind for over 250 years.
The year 1866 is about the date of the increase in Salt Lake. Mono
Lake showed a rise in 1864 and the destructive Sierra avalanches
began about 1860. Although unimportant in the general results, this
oscillation becomes a matter of very great interest from a theoretical
point of view.

SUMMARY

Based on the available lake records and King's observations, the 1860's

may have had the largest runoff of any decade within the period of record.

The available results are not sufficient to define the runoff of this period

in specific terms; it may have and probably did exceed the runoff in any decade
since 1900.

None of these lakes show any periods of major deficiency in their inflow
from 1860 to 1901. The available results indicate that the relatively low
stages of these lakes in the 1840's continued into the 1850's. In the 1850's
Winnemucca Lake continued to be dry, Goose Lake was generally low and Mono Lale
was at its lowest observed elevation in 1857. The decade from 1850 to 1860
had an average runoff which appears to have been 70 to 80 percent of the 1902-
1959 mean except for Eagle Lake which may have started the rise which continued
generally until 1915.

Beginning in 1861-62 runoff was generally sbove the average for 1902-59
for a period which extended to about 1917. This applied to all lakes; the
only deficiency appears to have been on Goose Lake in the 1870's and on Truckee
River in the early 1890's. Overall this period appears to have had the largest
runoff of any of similar length within the time covered by this report. This
included the time to which King's comments on the conditions of the trees at
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the Sierra summit apply, and extends through the construction of most of the
present projects in this area.

RUNOFF PRIOR TO 1850

While there are only a few observations from which the elevation of the
enclosed lakes in the western Great Basin can be derived prior to 1850, there
are some other results which can be used to indicate at least the general
limitations on the fluctuations of these lakes and their inflow in earlier
years.

The results that have been discussed in earlier portions of this report
represent conditdons within the last 500 years except for two Carbon 14 dates
of greater age. They cover what may be considered as historical time as
distinguished from geological time. They represent fluctuations under climatic
conditions similar to those at present, and result from the variations
occurring under these conditions. They cover a part of the time period since
Lake Lahontan declined from its former higher stages but do not attempt to
derive a date for such past Lahontan stages.

Available records show these enclosed lakes to have been at generally low
stages in the 1840's. Such stages indicate below average preceding inflow.
There are also the marks of higher stages prior to 1850, such as the white
lines on Pyramid and Winnemucca Lakes. The higher stages of these lakes would
require inflows above the average such as has occurred during the period of
more complete record since 1850. Available information supports the general
conclusion that the water supply of these lakes prior to 1850 was subject to
extents of variation similar to that shown by the later records. While this
general conclusion on the character of the fluctuations prior to 1850 is
considered to be sound, there is only limited support for defining the time
when excesses of deficiencies prior to 1850 may have occurred and for deter-
mining whether earlier periods of shortage or excess were more severe than
similar periods which have occurred since 1850.

The conclusions that can be drawn for each enclosed lake have been
discussed in the history of each lake for the time period for which informatim
is available. These time periods are variasble. The results prior to 1850 do
not lend themselves to discussion by selected time periods. The conclusions
that can be derived from the available records for each lake are discussed
separately. The direct information that is available on the lake stages in
the 1840's is used with what can be derived for the prior conditions to reach
conclusions regarding the elevations of the enclosed lakes prior to 1850.

On Goose Lake the comments by Work in 1831 indicate a size which would be
supported by an inflow of about 90 percent of the 58 year mean from 1902 to
1959.l Goose Lake lowered somewhat to 1843 and then lowered to its minimum
stage in 1846. Such lowering from 1843 to 1846 would only occur with an
average inflow of 31 percent of its 1902-59 mean. The inflow was about 45
percent of the 1902-59 mean until 1852 and the lake remained at a low stage.
For the nine year period 1844 to 1852, the mean inflow appears to have been

Iplice Bay Maloney, ﬁﬁivBrigéde to the Bonoventure; John Work's
California Expedition, 1832-33, 1943.
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about 39 percent of the 1902-59 mean.

For the 13 years from 1923 to 1935 the derived runoff, Table 5, was about
30 percent of the 1902-59 mean. This is a greater deficiency than the above
results for 1844 to 1852. The actual inflow to Goose Lake from 1923 to 1935
was very small and the derived runoff for this period represents very largely
the estimated depletion resulting from diversions for irrigation. Such
estimates of depletion may be subject to a probable error of 10 to 20 percent.
If the estimated depletion from 1923 to 1935 should be 20 percent too low,
the indicated runoff for that period would still be less than that derived for
184k to 1852.

Some assumptions can be made regarding the inflow prior to 1832 based on
reported stumps in the lake bed and Indian legends, but such results are
necessarily general. They indicate that Goose Lake has been practically dry
at times prior to the depletion of its inflow by diversion for irrigation.

The times when such deficiencies may have occurred are not determinable from
the available information. It would be within the period that the stumps
reported in 1925 would have been preserved. This would require that these
stumps had been in water nearly continuously since the time of their growth.
Based on C-14 datings on other lakes, such stumps may have been preserved for
several hundred years.

It is concluded that, prior to 1850, the inflow had been deficient at
times of undefined extent and duration. The available information indicates
that such deficiencies may not have been more severe than that during the
period 1923 to 1935 but may have lasted longer.

For Eagle Lake the estimated inflow from 1420 to 1850 A, D. has been
derived in the preceding portion of this report (Table 9). Based on the C-1k
dating of the lowest stump, the inflow from 1420 to 1520 appears to have been
91 percent of the 1902-59 mean. Within this 100 year period the inflow may
have been less than the mean for periods of unknown length. From the time of
the submergence of the lowest stump until 1860, Eagle Lake could not have had
an inflow exceeding its mean since 1902 without rising to submerge other trees.
From 1520 to 1860 Eagle Lake may have had periods of deficient inflow. If
these had been extended or severe, the lowest stump would have been out of
water and would not be expected to have resisted decay and to have been pre-
served in its present condition.

The available information on Eagle Iake does not disclose any periods of
more severe deficiencies in inflow prior to 1850 than have occurred in recent
years. Such periods may have occurred but are not determinable from the sub-
merged tree record. The tree records do show that the inflow to Eagle Lake
for 250 years prior to 1875 had not been sufficient to raise the lake to the
elevations it reach in 1915.

For Pyramid and Winnemucca Lakes the available information shows lake
stages in the 1840's that were relatively low and indicate a preceding period
of deficient inflow. Winnemucca Iake was dry. There would have been no inflow
to Winnemucca Lake for a sufficiently long period so that whatever water may
have been in the lake at the beginning of this dry period had been evaporated.
If at some earlier time Winnemucca Lake had been at a relatively high stage
with a depth of 75 feet, over 20 years would have been required for it to
become dry if no inflow occurred in this period.
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In the earlier portion of this report, it was assumed that Pyramid Lake
lowered from its white line to the elevation of the then submerged beach at
its south end in a 30 year period, and that it had remained below the e&leva-
tion found by Fremont in 1844 and of the trees which grew along the inlet
channel of Truckee River for another 30 years. On this basis the inflow from
1780 to 1809 was estimated to have been 57 percent of the 58 year mean from
1902 to 1959, and 70 percent from 1810 to 1839. All other periods of similar
length since 1840 (Tables 16 & 18) have had greater runoff of the Truckee
River than these results for these two earlier periods.

The preceding results are based on the assumption that Pyramid Lake had
lowered from its white line, elevation 3872 feet, to elevation 3852 feet in
30 years. Such a lowering occurred prior to 1844 at some time and in some
period:of years. The trees along the inlet of Truckee River indicate that
Pyramid Lake had been at elevation 3852 long enough prior to 1844 for these
trees to have grown, which makes 1810 a reasonable conclusion regarding the
date when this occurred. The 30 years prior to 1810 for the lake to lower
from its white line to elevation 3852 is also a reasonable assumption but not
necessarily the only period during which this lowering may have occurred. It
is consistent with the time required to cause Winnemucca to go dry from a
stage corresponding to the white line on Pyramid ILake. The minimum time in
which Pyramid Iake would lower 20 feet with zero inflow would be about seven
years. The time for this assumed lowering could have been longer than 30
years. If it was 60 years, the mean inflow would have been 64 percent of the
58 year mean for 1902-59. This would also be less than the derived runoff of
the Truckee River for any 30 year period since 1840.

The available records are adequate to establish the relatively low eleva-
tion of Pyramid Laeke in 1844 and the absence of a Winnemucca Lake at that time.
These results would only occur following a sustained period of deficient inflow.
While the conclusions reached regarding the inflow from 1780 to 1840 are sub-
Ject to uncertainty in their specific results, there is support for the
conclusion that the inflow in some extended period prior to 1844 had been less
than has occurred during any period of similar length since 18L0.

The available records on Lake Tahoe do not cover the period prior to
1850. The submerged trees indicate that there has been some 100 year period
in which trees grew on ground Below the elevation of the present rim. However
the C-14 dating of these stumps places their time of growth outside of the
time that has been covered on the other lakes. Prior to the C-14 dating of
these stumps it had been assumed that these trees grew at some recent period
prior to 1860; this assumption would be consistent with the results for
Pyramid and Winnemucca Lakes. Records of the variations in the inflow to.
Lake Tahoe within recent time are limited to direct records since 1902 and a
few results between 1860 and 1900.

For the eight years 1928 to 1935, the derived runoff of the Truckee River
was 45 percent of the 58 year mean, 1902 to 1959. This is the most severe
eight year shortage within the period of direct records and is more severe
than the mean derived for 1780 to 1809. There may have been equally severe
eight year shortages within the 30 years from 1780 to 1809, but the available
information is not adequate to define such shorter period results.

The elevation of Mono Lake in 1857 enables some conclusions to be drawn
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regarding its inflow in the period preceding 1857. The lake was about 20 feet
lower in 1857 than it was in 1960 although the diversion by Los Angeles during
the preceding 20 years represents a depth on the lake of about 20 feet. Under
present conditions Mono Lake can be expected to lower to its 1857 elevation in
gbout 1980. After this occurs further lowering can be expected to continue,
and an additional area of the lake bed will become exposed. This may disclose
clues to the fluctuations of the lake prior to 1857. At present only items
now observable can be used.

At its 1857 elevation of 6376 feet, Mono Lake has an area of about 40,000
acres. For present rates of evaporation and mean annual precipitation this
area would be maintained by an annual inflow of about 100,000 acre-feet or
about two-thirds of the annual mean since 1857. There is no specific basis
for assuming any different rates of evaporation for the period prior to 1857
than the present rates. The elevation of Mono Lake in 1857 represents the
balance of inflow and evaporation for the preceding years under similar
amounts of evaporation and precipitation to those since 1857. On this basis
there was a period of undefined length prior to 1857 in which the average in-
flow had been insufficient to maintain an area of over 40,000 acres in Mono
Lake. The mean annual inflow to support this lake elevation is about 15 petr-
cent less than occurred in the 19 years (1919-37) of minimum inflow since
1857. It is T2 percent of the mean runoff for the 58 year period 1902-59.

Some conclusions can also be reached regarding the fluctuations of Mono
Lake that may have occurred prior to 1857 and resulted in its 1857 elevation.
All records in this area since 1857 support the conclusion that the inflow
prior to 1857 was not uniform and that Mono Lake probably fluctuated both
above and below its 1857 elevation preceding that date.

If Mono Lake had been higher prior to 1856 than it was in that year, the
lowering to the 1856 elevation would only have occurred under conditions of
deficient inflow. The amount of any such lowering prior to 1857 and how long
it may have taken to lower the lake to its 1856 elevation can only be matters
of conjecture. The accounts of the submerged cabin and brush indicate that
Mono Lake had been below its 1856 elevation prior to that year. Mono Lake may
have been rising just prior to 1857.

The C-14 dating of wood from a stump on the shore of Mono Lake has been
previously discussed. The age found was 920 t 90 years.

The growth of this stump during a recent 50 year period immediately prior
to about 1875 when it was submerged would be consistent with the available
records on Mono Lake and its preservation to date could be readily understood.
It is more difficult to postulate conditions under which this tree could grow
900 years ago and have been preserved to date.

This radio carbon dating places the growth of this tree in some fifty
year period at about 1000 A, D. The lake would have been below elevation
6400 feet for its period of growth. The lake may have risen above and fallen
below this elevation in a variable pattern of fluctuation during the 900 years
since this tree was killed by submergence. Presumably the lake was above
elevation 6400 during most of the 900 year period in order that the wood in
the stump could be in its present state of preservation.

At elevation 6400 Mono Lake has an area of nearly 50,000 acres. To main-
tain the lake at this elevation requires a mean annual inflow of about 125,000

399




acre-feet. These results indicate that in some 50 year period preceding abaut
1000 A. D., Mono Lake remained below elevation 6400 and had a mean annual in-
flow of about 125,000 acre-feet. This represents about 90 percent of the mean
annual runoff for the 58 years 1902-1959.

Mono Lake probably varied below and above the elevation at which this
sampled stump grew. Such fluctuations are normal as shown by the later results
on all of the enclosed lakes. In any rising period the inflow would have
exceeded that needed to maintain Mono Lake at elevation 6400. In any falling
period the inflow would be less than that required to maintain the lake. There
is no basis on which conclusions can be reached on the amount and duration of
such variation in inflow during the 900 years since the C-14 dated stump was a
growing tree.

The elevation of Mono Lake in 1857 represents a more severe deficiency in
inflow in the preceding years than are indicated by the conditions under which
the C-1L4 dated stump grew. For Mono lake a period preceding 1857 appears to
have had the greatest deficiency in inflow of any revealed by the available
records. This also makes the inflow from 1857 to 1918 the maximum that had
occurred during the period of record.

For Walker Lake the_only elevation prior to 1860 is that for 1845 derived
from Kern's description. This represents a relatively low stage which would
be supported by an inflow of about 75 percent of that required to maintain the
lake at its general elevation from 1860 to 1890. While fragmentary, the avail-
able information relating to Walker Lake indicates a relatively low elevation
in the 1840's in which the inflow was about three-fourths of that in more
recent years. If Walker Lake had been higher previous to the 1840's, and had
lowered to or below its 1845 elevation, its inflow during such periods would
probably have been less than two-thirds of its later mean.

The descriptions of Humboldt Lake or Sink in the 1840's indicate a
relatively low stage. The undertainties regarding the conditions of the out-
flow to the Carson Sink at that time prevent making quantitative estimates of
the runoff of Humboldt River. The accounts of the Surprise Valley lakes in
the 1840's also indicate that the Upper and Middle lLakes were pracitcally dry.
Similar early reports on Honey Lake indicate that there was a lake in this
period although the accounts of its size are limited to general terms.

The preceding discussion of the individual lakes prior to 1850 shows them
to have been at relatively low stages in the 1840's. On Pyramid and Winnemucca
Lakes the inflow for some 30 year period prior to 1840 appears to have been
less than has occurred in any period of similar length since 1850. For the
other lakes, their elevations in the 1840's appear to have been reached as a
result of deficiencies in their inflow which may have been more severe than
any since 1850. The available records do not define the duration of this
period of early deficiency. If the lake elevations in the 1840's were the
result of a relatively short period of extreme deficiency, the inflow may have
been less than that for the eight years 1928 to 1935. This later shortage is
supported by direct records.

Some indications can be found in these early results of a geographical

lCaptain J. H. Simpson, "Exploration Across the Great Basin of the
Territory of Utah," Appendix Q, p. 480; Reprinted from The Journal of E. M.

Kern, 1845,
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pattern to the severity of the periods of deficiency prior to 1850. The
shortages on Goose Lake prior to 1850 appear: to have been less severe than
those occurring on lakes further south. A similar pattern has been shown by
later years within the period of record. The Oregon lakes, including Goose
Lake, had relatively large inflow in the 1850's, while the runoff in the more
southern lakes was deficient.

It is concluded that variations in inflow to these enclosed lakes occurred
prior to 1850, resulting in fluctuations similar to those that have occurred
since 1850. The evidence regarding shortages more severe than those from 1928
to 1935 is insufficient to determine whether more severe eight year shortages
occurred prior to 1850. Longer periods of less severe shortage may have
occurred.

It is concluded that the available information on these enclosed lakes
prior to 1850 indicate & similar character of fluctuation to that which has
occurred since 1850. The early records support a conclusion that the 1928
to 1935 runoff may have been the most severe within the period covered in this
report, but that equally severe eight year deficiencies and longer less severe
shortages probably occurred prior to 1850. Water supply plans for future
projects should be based on meeting the demands during a future period similar
to 1928-35. This period does not appear to have been unique in the past his-
tory of these enclosed lakes, and provision should be made for its possible
recurrence in the future.

WATER SUPPLY OF ADJACENT AREAS

The preceding discussion has been confined to the water supply of the
western Great Basin as the records of the enclosed lakes in this area enabled
the water supply to be derived for a longer period than that covered by the
direct records of runoff. The western Great Basin is not an isolated climatic
area and the characteristies of its water supply extend dinto its adjacent
areas.

While the writer's work in the western Great Basin has included more
investigations than he has made in adjacent areas, he has assembled results
in these areas in connection with his own work there. General comparisons
can be made between the western Great Basin and these adjacent areas.

EASTERN OREGON

To the north of the western Great Basin, there are the enclosed lakes of
Eastern Oregon. Their histories have been discussed in various reports and
in litigation over rights in the use of their water supplies. This history,
with the results of their own observations, have been assembled by Donald B.
and Elizabeth G. Lawrence in an article entitled "Response of Enclosed Lakes
to Current Glaciopluvial Climatic Conditions in Middle Latitude Western North
America".” The Lawrences summarize their results as follows:

A survey of the history of fluctuations of 20 closed basin lakes

lAnnals of the New York Academy of Sciences, Vol. 95 Art. 1, 1961,
pages 341-350.
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from northern California to central British Columbia showed strong

growth since 1940 with crests ranging from 1952 to the summer of the

survey, 1960. The more recent crests, chiefly in 1957, 1958 and

1960, tended to occur in the more northerly parts of the area.

also state:

Several of the lakes studied are not affected by storage, diver-

sion or the works of man. Examples are Crater, Davis, and East Lakes

in Oregon, Omak and Granite Lakes in Washington, and Stump and Buse

Lakes in British Columbia. These all have followed a definite pattern:

high stages in the first decade or two of the 20th century, then a

steady drop to about 1935 to 1941, followed by a rapid rise to very

high stages in 1958 or 1960. Most of the lakes affected by diver-

sions for irrigation show a parallel response.

These results are in general agreement with those for the more northern
lakes in the western Great Basin. The general rise in the first two decades
of the 20th century is applicable as far south as Mono Lake; so is the
general deficiency to about 1940. There was, generally, an above average
water supply into the 1940's but the high stages reached in the lakes studied
by the Lawrences in the 1950's were not reflected in the western Great Basin,
particularly in its more southerly lakes.

GREAT SALT LAKE

Great Salt Lake is the largest and also the most extensively observed
and described of any of the enclosed lakes in the Great Basin. It receives
the runoff of the major area of the eastern Great Basin. Being shallow with
flatly sloping shores, its area varies relatively widely with changes in its
volume and adjusts itself more quickly to variations in its inflow than lakes
with steeper shores. Great Salt Lake has fluctuated through a smaller range
of elevations than the other enclosed lakes.

Records of the elevation of Salt Lake began in 1848. These enable the
fluctuations prior to 1875 to be fairly well established. Since 1875, ade-
quate direct observations have been made. There are earlier descriptive
accounts which indicate the extent of the lake. The first survey of the lake
was by Stansbury in 1850. Fremont had sailed on the lake in 1843. Trapper
accounts began to describe the lake in about 1825.

An account by G. A. Gilbert includes records to 1877ul Prior records
were derived from indirect observations such as the condition of the bars
leading to Antelope and Stansbury Islands. This report includes a chart of
the fluctuations of Salt Lake from 1847 to 1878.

Two storm lines on the islands were discussed by Gilbert. The lower or
older line was 0.3 feet below the bar to Stansbury Island, and the more recent
one was 5.6 feet above this bar. The sage brush grew above the new line and
Gilbert concluded that the lake had not reached this elevation for a rela-
tively long period, perhaps over 200 years. Gilbert, in his Monograph 1 of
the U. S. Geological Survey on Lake Bonneville adds some further detail to

13. W. Powell, "Lands of the Arid Region of the United States with a
More Detailed Account of the Lands of Utah," 1879.
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these accounts.

Use of the inflow to Salt Lake is extensive and has resulted in a
material depletion of its former supply. This irrigation began in 1847. It
occurs on numerous tributaries and only general estimates of the amount of
the depletion as it has increased can be made. There have been some impor-
tations of water into the basin.

The writer reviewed the available information relating to Salt Lake and
reached the following conclusions in 193k4.

1 - Great Salt Lake reached higher elevations in the period 1868 to
1878 than it had reached for a long time prior to 1868.

2 - The length of time since the lake had been as high as in 1868
cannot be estimated definitely. Shore lines, brush growth and Indian legends
indicate that this period may well have exceeded 100 years.

3 - If there had been no irrigation on its drainage area, Salt Lake
wguéd probably have risen as high in the middle 1920's as it did in 1868 to
1376.

4 - From 1902 to 1905 Salt Lake was lower than the previously known low
elevations. This was the effect of irrigation. Without irrigation the lake
would probably not have lowered below its 1848 elevation.

5 - 1In l93h the lake was at its minimum elevation of record.

The deficiency in 1934 continued to 1935. Utah Lake became practically
dry in 1935. 1In the succeeding 20 years the runoff refilled Utah Lake and
raised Salt ILake. The 1960's to date have been a period of deficiency.

The record of Great Salt Lake shows an extent of variation in the runoff
of its drainage area similar to that shown by the lakes of the western Great
Basin. The time of these variations in some cases are in harmony and in
others are at variance. The rise in the 1860's and 1870's on Salt Lake is
in agreement with that in the western Great Basin. The lowering of Salt Lake
in the period 1902 to 1905 is not matched in the western Great Basin; both
areas had record deficiencies ending in about 1935. These comparisons are
most directly applicable to Pyramid and Winnemucca Lakes. The variations
between these two lakes and Great Salt Lake on an east west direction is
similar to the variations between Goose and Mono Lakes in the western Great
Basin on a north south direction.

COLORADO RIVER AT LEE FERRY

In the Congressional Hearings on S. 1658, Central Arizona Project, 1963
(88 Cong. 1st Sess), a chart was introduced (p. T4) showing the 10 year moving
average of the flow of the Colorado River at Lee Ferry both actual and virgin
from 1896 to 1963. The runoff was above the mean for the period until 1930
and has been below the mean since. From 1930 to 1940 only two years had
above average runoff. From 1940 to 1950 the runoff was larger than in the
1930's; in the 1950's it was again deficient.

These results show a pattern of wide variation similar to that found
for the enclosed lakes of the western Great Basin. The same general defi-
ciency in the 1930's is shown; this started and lasted later than the 1928-
1935 deficient period in the western Great Basin. The excess period con-
tinuing to 1930 on the Colorado River is similar to that in the western Great
Basin which ended in about 1917.
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LAKES IN EASTERN GREAT BASIN

There are shallow enclosed lakes in northeastern Nevada which become dry
at times. The record on these lakes (Ruby, Franklin, Goshoot, Snow Water,
and Diamond) is fragmentary. The reports of Beckwith and Simpson indicate
that these lakes were at lower stages in the 1850's than those that occurred
after 1860. Use of the runoff of their drainage areas has reduced these
lakes to playas. The deficiency in runoff extending into the 1850's in the
western Great Basin appears to have extended into northeastern Nevada.

OWENS LAKE

Owens Lake formerly received the runoff of the Owens River and fluctuated
with its variations. By the 1870's and 1880's diversions for irrigation
began to deplete the inflow. The diversions by Los Angeles beginning in 1914
has resulted in the former lake becoming dry except for occasional flood
inflows. Based on Fremont's account, Owens Lake appears to have been rela-
tively low in the 1840's, although there was a large shallow body of water.
This report is consistent with the record at Mono Lake to the north.

SOUTHERN CALIFORNIA

H. B. Lynch made a study of water supply conditions for the Metropolitan
Water District in 1931. His results were published in a report entitled
Rainfall and Stream Runoff in Southern California since 1769. Among the

sources used by Lynch were th mission records extending back to 1769. As a
result of these studies Lynch reached the following conclusions regarding
this 162 year period.

1l - There has been no material change in the mean climatic con-
ditions of Southern California in the past 162 years.

2 - There were, however, earlier fluctuations from average rain-
fall conditions, both excesses and deficiencies, of greater magni-
tude than any which have occurred in the past forty years.

3 - The twenty-eight year period of rainfall deficiency which
ended in 1810 was about as severe as has been the present one to
date, and much more protracted.

4 - The period of rainfall surplus from 1810 to 1821 was more
intense than anything in the past forty years. It seems to have
been about as intense as was that between 1883 and 1893.

5 - The period of rainfall deficiency which lasted from about
1822 to 1832 was more severe than has been any occurring since.

6 - The period of rainfall deficiency which commenced in 1842
and lasted until 1883 was much longer than any.other of which we
have record. It was not so acute, however, as some others, both
earlier and later. It was broken by a period of normal rainfall,
but was without any period of excess rainfall to balance the
deficiency.

T - In comparison with several periods of rainfall shortages
which have occurred in past years, the present rainfall deficiency
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to date cannot be considered a major shortage.
8 - For all practical purposes the useful water yield of the
areas under consideration closely approximate the runoff from the
principal streams of these areas, except in times of heavy floods.
9 - The runoff from Southern California streams has in general
shown fluctuations from the normal similar in character to those of
the rainfall, but larger in relative percentage.
10 - By reason of these fluctuations, the useful water yield has

at various times been reduced from the average by considerably more

than one-half for a period of ten years, and by thirty per cent for

a period of twenty-eight years.

Lynch's study was made in 1931 during a period of deficiency which has
extended beyond the date of his report. He found a similar extent and
character of variation in Southern California to that which has been found
for the western Great Basin. The periods of deficiency and excess in Southern
California prior to 1931 agree in time in some cases with those in the western
Great Basin and differ at other times. The 28 years of deficiency in Southern
California ending in 1810 predated any similarly identifiable period in the
western Great Basin. The period of deficiency from 1842 to 1883 in Southern
California includes both the below average 1840's and 1850's of the western
Great Basin but also includes the period of excess supply from 1862 to beyond
1883.

In the 30 odd years since Lynch made his report, Southern Cal ifornia has
experienced both excesses and deficiencies in its water supply. Bringing
Lynch's 1931 report to date by the inclusion of the records which have become
available since his report was prepared would enable the recent period of
deficiency to be compared with those in earlier periods.

Records are available of the stream flow of the Santa Ana River at
Mentone, the San Gabriel near Azusa and the Sweetwater at the dam for the same
58 year period from 1902 to 1959 that has been derived for the drainage areas
of the enclosed lakes in the western Great Basin. The accumulated departures
from their means are shown in Figure 56. The Santa Ana and San Gabriel show
runoff above the mean from 1905 to 1927, deficiencies to 1936, excesses to
1943 and deficiencies to 1959. The Sweetwater had deficiencies to 1913 and
then followed the general pattern of the other two streams.

The Sweetwater for the three years from 1914 to 1916 had a runoff of
450 per cent of the mean, and from 1942 to 1959, 67 per cent. The variations
of the Santa Ana and San Gabriel were less in amount than those on the Sweet-
water. TFor the 13 years 1924 to 1936 the Santa Ana had a runoff of 69 per
cent of the mean, and for the 16 years 194l to 1959, 62 per cent of the mean.
The San Gabriel for the 13 years 1924 to 1936 had a runoff of 56 per cent of
the mean and the 16 years 1944 to 1959, 62 per cent of the mean. For the 11
years 1906 to 1916, the Santa Ana had an average runoff of 165 per cent of
its mean, and the San Gabriel 162 per cent.

For the eight years 1928 to 1935, the runoff of the Santa Ana was 57 per
cent, of the San Gabriel 54 per cent, and of the Sweetwater 40 per cent of the
58 year mean. These results are similar to those for the same years for the
enclosed lakes.

These three streams were selected as one for which changes in the condi-
tions of their drainage areas above the points of measurement have been

205




I

Azvz
 ae 0,

il

22V 20

ver | ¢

|
L g

2 Ll

(e

it ’rﬂ%)u

7

e

Ol 247

X =
.




relatively small. The results shown extend only through 1959. The extension
of these results through 1964 would show continuation of the period of defi-
ciency that had preceded 1959.

CENTRAL VALLEY OF CALIFORNIA

The runoff of the western slope of the Sierra Nevada results mainly
from the same storms which produce the runoff of the western Great Basin.
Three streams of the Central Valley having relatively long discharge records
which have had only limited changes in the use of their stream flow above
the gaging stations have been used for comparison with the results derived
from the enclosed lakes of the western Great Basin. These streams are
Kern River at Bakersfield, the Feather River at Oroville and the Sacramento
River near Red Bluff. These three streams represent the southern end of
the Central Valley, its north central area and its northern end. The accumu-
lated departures from the mean for the 58 year period 1901-02 to 1958-59 for
these three streams have been plotted in Figure 57. These three streams
have a generally similar pattern of accumulated departures from their means.
Above average runoff for the 58 year period occurred from 1902 to about 1917,
below average to about 1935, a smaller excess to about 19&&, and a deficiency
to about 1950. In the 1950's the runoff of the Feather and Sacramento Rivers
was above the mean, with Kern River averaging about the mean. For the seven
years 1928 to 1934, the average runoff of the Kern River was 53 per cent, of
the Sacramento River was 59 per cent and of the Feather River was 57 per cent
of the 58 year mean.

For the 15 years 1902 to 1916, the average runoff of the Kern River was
128 per cent of the Sacramento 133 per cent and of the Feather River 130 per
cent of the 58 year mean. For the same period the enclosed lakes varied
from 116 to 142 per cent of their 58 year means.

There is an agreement in the general character of the variations in run-
off in the Central Valley with those in the western Great Basin, with the
differences that would be expected in their amounts and times of occurrence.

LAKE LAHONTAN WATER SUPPLY

While it is outside of the scope covered by this report, the results
regarding the water supply of the western Great Basin during its recent past
raise the question of how much change in the present supply would be required
to restore another Lake Lahontan. This question can only be answered on the
basis of several assumptions. It can be approximated if the rate of evapo-
ration at the time of the higher stages of Lake Lahontan is as®umed to have
been similar to that at present. Some general conclusions can be reached
regarding the precipitation that would be needed to provide runoff which
would maintain a Lake Lahontan.

Russell, in Monograph 11 of the U. S. Geological Survey, found that Lake
Lahontan covered 21 per cent of its total basin equivalent to 26 per cent of
its tributary drainage area. Jones in Carnegie Publication 352 derived a lake







area of 16 per cent of the basin.l Russell also found that the remaining
lake areas in the Lahontan basin in 1882 were about 18 per cent of the ares
of ILake Lahontan; this represents less than 5 per cent of their tributary
drainage areas. Walker Lake has had a recent area equal to 3 per cent of

is drainage area. Honey Lake, which has had an area of 5 per cent of its
drainage area at some recent times, has also gone dry at other times. Eagle
Lake has supported a water area representing 12 per cent of its tributary
area. The Humboldt River, draining 15,000 square miles representing the
eastern one-third of the Lahontan basin supplied only limited runoff to
Humboldt Lake and Carson Sink from the precipitation of 10 inches or less

on much 'of its drainage area. Lake Tahoe has an area equal to 59 per cent
of its tributary area. It has maintained an outflow except in some periods
of large deficiency in precipitation. The drainage area of Lake Tahoe
receives precipitation of greater amount than nearly all of the Lake Iahontan
basin. Prior to the extensive diversion of their inflow for irrigation, the
combined areas of Pyramid and Winnemucca Lakes has been as great as nine per
cent of their tributary area.

Mono Lake is not within the Lake Lahontan basin. Its maximum stage had
an area about four times its recent area. The recent area of Mono Lake has
been about 15 per cent of its tributary area. Conditions on the entire
ILahontan Drainage area would not need to be much more humid than the present
conditions in the Mono basin in order to maintain Lake Lahontan at its higher
stage. Mono Lake receives its water supply from the higher mountains to
the west, but two-thirds of its basin includes desert areas to the east, TIts
higher altitude results in an evaporation rate equal to about 80 per cent
of that on Pyramid and Walker Lakes. There are still remnants of glaciers
on the higher peaks of Mono Basin. There were probably at least equivalent
glaciers in the Lahontan basin when Lake Lahontan was at its higher stages.

When Goose Lake is at its overflow elevation its area is about 17 per
cent of its tributary area. Its average area has been much less than its
overflow area; the lake was relatively low in the 1840's before its inflow
was affected by diversions from its tributaries. During the more favorable
recent periods Goose Lake has maintained nearly as large a percentage of its
drainage area in lake surface as Lake Lahontan maintained at its high stage.
The present mean annual precipitation in Goose Lake basin varies on the dif-
ferent parts from 10 to 30 inches. As the drainage area of Goose Lake does
not include extensive deserts, the average precipitation on the productive
portions of the Lahontan drainage would need to have been larger than these
amounts in order to maintain an equivalent lake area.

The high stages of Lake Lahontan are generally placed as having occurred
within the last 25,000 years. Similar general topography existed at that time
and the relative distribution of precipitation and runoff was also probably
similar to the present. Then, as now, much of the drainage area was probably
relatively arid, the increased inflow from the increased precipitation coming
mainly from the western mountain areas. The same climatic conditions that
produced the increased precipitation in Lahontan times also probably resulted

17. Claude Jones, "Geologic History of Lake Lahontan," Quaternary Climates,
Carnegie Institute Publications 352, 1925.
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in some decrease in summer temperatures and evaporation.

The recent water areas of the enclosed lakes are from one-fifth to one-
third of that at the higher stages of Lake Lahontan. However an increase in
precipitation of three to five times would not be needed to produce the run-
off which would restore Lake L&hontan. The runoff resulting from increased
precipitation increases more rapidly than the rate of increase in precipita-
tion. With the probable decrease in evaporation that would occur under condi-
tions that would produce an increase in precipitation, it is considered that
Lake Lahontan would be restored with an increase of about 100 percent in the
present mean annual precipitation. Such an increase would result in the mean
annual precipitation being about the equivalent of the present individual
years of maximum supply.

In general it appears that an average annual precipitation equal to that
now received in the present maximum years would restore Iake Lahontan. Much
of the drainage area of Lake Lahontan which now receives about six inches of
mean annual precipitation was also arid or perhaps semiarid when Iake Lahontan
was at its higher stages. Then, as now, the major portion of the runoff
probably came from the higher western portion of the drainage area.




GENERAL CONCLUSIONS

The direct records and other pertinent information relating to the water
supply of the western Great Basin have been presented and discussed in the
preceding portions of this report. The conclusions which are considered to be
supported by this record now need to be presented.

These conclusions apply directly to the area of the western Great Basin.
While as previously discussed the general conditions in adjacent areas may
follow those in the western Great Basin, there may be differences in the time
and extent of the fluctuations from those that have occurred in the western
Great Basin. Similar variations may also occur within the western Great
Basin.

A historical record of the water supply of the western Great Basin
includes much of general interest relating to conditions during the earlier
years of the present settlement of this area. This would justify an effort
to assemble such a record even if it was useful only as a history of this
area. Howcver, the importance of its water supply to this arid area makes it
essential that an attempt be made to find answers in its past water supply
conditions applicable to its future water resource development. Adequate
programming of water projects requires an understanding of the variations to
which the water supplies to be used are subject. While this is essential in
all areas, it is of particular importence in arid areas such as the western
Great Basin.

Records are now available for deriving the annual runoff of most of the
streams on which this area depends. The direct records cover the past 50
to 60 years and reasonably adequate indirect records extend back to about
1850. These records disclose the variations which have occurred within this
period.

In earlier years it was necessary to plan projects on the basis of
shorter periods of record. Expectations have not been realized in some cases
where later years were ones of lesser water supply. One hundred years is a
length of record that would usually be considered to be long enough to include
the full range of variation that would be expected to occur. However, the
wide variations that occur over periods of several years in the water supply
of the enclosed lakes of the western Great Basin make it essential that an
effort be made to determine whether there may have been periods of more
severe and extended deficiency in water supply prior to 1850 than any which
have occurred since. A principal purpose of the investigations on which this
report is based was the search for an answer to this question.

The best basis on which to forecast the future water supply of this area
is to assume that what has occurred in the past will recur in:.the future:
This does not mean an exact repetition, but that the general character of the
runoff in its mean annual amounts and its departures from the mean will be
similar in the future to those which have occurred in the past.

It is well established that major climatic changes have occurred in the
past over periods of time represented by the geological schedule. Such time
periods are too long to be used as the basis for present projects in which the
costs will be repaid within a period of time too short to be affected by such
long time trends. The water supply of the past 200 years should be a relisable
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basis on which to forecast the supply expected to occur in the next 200
years. It is to such a general period that the conclusions reached in this
report are applicable.

In analysing the past records of these enclosed lakes, the major interest
is in determining their periods and extent of the deficiencies below their
long time annual means. The periods of deficiency have continuéd too long to
enable the mean annual stream flow to be regulated for full use by any present
or prospective storage on their drainage areas. Major attention has been
given to deficiencies rather than to excesses in the water supply.

From all of the material which has been presented in the preceding
portions of this report certain conclusions which are considered to have
adequate support can be drawn. These include the following.

The general period from about 1860 to 1915 had a larger runoff than
that of the preceding 50 years or of the years since 1915.

This conclusion is supported by the results for all of the enclosed
lakes extending from Goose Lake to Mono Lake. While similar periods can
be expected to recur in the future, the plans for water supply projects in
this area should not be based on the 1860 to 1915 supply. The records both
before and after this period are a more reliable guide on which to base pro-
Ject plans.

The years since 1915 have included about an average supply to 1924, a
generally severe shortage to 1935, an above average supply into the 1940's,

a generally average supply to the late 1950's, and a period of shortage in
the early 1960's. 1928 to 1935 appears to have been the most deficient
period of equal length occurring within the past 200 years. This period was
preceded by less severe shortages from 1924 to 1927.

The elevations of the enclosed lakes in the 1840's represent a preceding
mean annual inflow for some undefined period that was essentially less than
the mean annual inflow since 1901 and in some areas may have represented a
more severe shortage than that for the period 1924 to 1935. The available
information indicates that the deficiency of the 1840's was more severe in
the southern part of the western Great Basin than in its northern part.

The shortage in the 1840's on Mono Lake appears to have exceeded any that

has occurred since; on Goose Lake the shortage ending in 1935 appears to have
been more severe than that in the 1840's. For Truckee River the total defi-
ciency which produced the 1844 dryness of Winnemucca ILake and the relatively
low elevation of Pyramid Lake represents a smaller runoff than any that has
occurred in any 30 years since, but no continuous eight years in such a 30
year period may have had as severe a deficiency as that which occurred from
1928 to 1935.

The present use of the streams tributary to the enclosed lakes in the
western Great Basin is generally as extensive as can be supported by the
existing amounts of storage. Much of the mean annual supply continues to
reach the enclosed lakes. Storage sites of large capacity and low cost are
generally lacking on the upper drainage areas of the enclosed lakes. No means
of fully using these variable water supplies can be foreseen and sufficient
water will continue to reach the enclosed lakes to maintain substantial lake
areas. Shallow lakes such as Goose Lake can be expected to go dry again in
the future during periods of deficient runoff. Adequate but reduced areas will
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be maintained in Pyramid, Walker, and Mono Lakes. TFurther diversion from
Eagle Lake is not improbable and its fluctuations can be expected to reflect
the variations in its inflow. Humboldt Lake is already a playa.

The lowering of these enclosed lakes now occurring will continue until
they reach an area in balance with their reduced inflow resulting from the
diversions on their tributaries. Such further lowering will vary for the
different lakes. The full lowering will not be reached quickly as the rate
of lowering will diminish as the new equilibrium is approached. Fluctuations
above and below this equilibrium will occur as the annual inflow varies.

The probable future status of each lake has been discussed in the pre-
ceding portions of this report. Eagle Lake is the only one of these
enclosed lakes which has not been materially affected by the past diversion
of its inflow; Eagle Lake is also the only one of these lakes in which the
natural conditions may be maintained.

As the lakes lower, the total solubles in their water will increase.

The degree to which such concentration may go will vary with each lake
depending on the percentage of reduction in the present volume which will
occur and the present quality of the water. In the lakes now suitable for
fish, the present types of fish may not be adapted to the future quality of
the water. Any such changes will occur gradually over a considerable period
of years. All of the enclosed lakes in the western Great Basin presently
have a quality of water that is much less salty than Great Salt Lake. Only
the water of Mono Lake is now too salty to contain fish.

The water supply of future projects in the western Great Basin should
be planned on the basis of expecting to have to meet stream flow conditions
guch as those that were experienced from 1924 to 1935. For irrigation use
considerable shortages can be endured if they do not occur too frequently.

As 1928 to 1935 appears to have been the most deficient period in over 100
years, irrigation use can be planned on the basis of the largest endurable
shortage during such a period. For municipal use the ability to endure
shortages is more limited and water supplies for such use will need to be
based on smaller shortages than those permissible for irrigation.

Similar deficiencies to that in 1924 to 1935 occurred in the 1840's.
This represents about T5 years between such periods. No cyclic variastion has
been found in the water supplies in this area and there is no presently known
basis on which to forecast when the next similar period of deficiency may
occur. The record of the past indicates that such periods of shortage can be
expected to recur. Project plans should be based on this expectation.

If a single general conclusion can be drawn from all of the material
that has been presented regarding the water supply of the western Great
Basin, it would be that there is no regularity in the variations from the
mean; that the variations follow no determinable pattern; and that the time
when future periods of deficiency may occur cannot be forecast.

In planning future water supply projects in this area, all available
information and records on the source of supply to be used should be assembled.
This information should be combined with the proposed amount of storage and
the endureble shortages for the proposed uses of water to determine the amount
of new water supply that can be secured without exceeding the shortages that
can be endured.
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APPENDIX

VARIATIONS IN THE RUNOFF OF THE
WESTERN GREAT BASIN BASED ON,TREE RING RECORDS.

The results that can be derived for the runoff of the western Great
Basin from the observations on its enclosed lakes have been discussed, and
conclusions regarding variations that have occurred that can be derived from
these lake records have been presented. Another source of information which
has been used to indicate the past water supply of this area is the thickness
of the annual growth of trees. Such tree ring records are available in this
area on an annual basis for periods of L0OO years.

In the following discussion an attempt is made to use available tree ring
observations to supplement the conclusions regarding the past water supply of
the western Great Basin derived from the history of the enclosed lakes.

Trees, like other vegetation, respond to their available water supplies.
The amount of wood growth, as measured by the thickness of the annual ring,
may be a measure of the water supply available in the year of its growth. 1In
humid areas where an adequate water supply may be available in all years, the
amount of tree growth may be controlled by other factors. In arid areas the
amount of the water supply in any year may be the controlling factor in the
growth.

Trees 4000 years old are still growing in some areas. The gequoias in
California are over 3000 years old; the bristle cone pines in some parts of
the Great Basin are over 4000 years old. Some junipers also have a relatively
long life. —

If tree rings are an index of the water supply, they offer a means by
which one may derive the variations that have occurred during the life of the
tree. If this can be done the tree rigns provide a basis for determining the
variations in precipitation and runoff that have occurred over periods longer
than those covered by other forms of record.

Several series of tree ring observations are available for areas within
the western Great Basin. These results have been compared with the available
water supply records for the period when both are available in an effort to
determine the extent to which the tree ring records may be useful in deriving
the water supply for periods prior to other records. Trees having the length
of life of the sequoia and bristle cone pine are not found in the area of the
enclosed lakes discussed in this report. However, tree ring records have
been secured from trees of over 400 years old in the lake areas.

One conclusion can be drawn from the age of the trees now growing in any
area. The climate during the life of the tree must have been within the
limits of tolerance of the tree. If drouths so severe that the tree could not
survive had occurred, present trees would have a life limited by the time
since the occurrence of such a drouth. On this basis there is assurance that
the water supply in the areas of the longer growing trees has been within the
general range under which these trees can exist. As these trees are still
adding annual rings this past climate must have been similar to that of the
past period covered by other forms of record.

The use of tree rings to date historic events and as an indicator of
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variations in water supply has become widespread since the technique of their
measurement was developed by Douglas and his associates. While this dating
practice is now widely recognized as having usefulness, the use of tree rings
as a climatic indicator is less extensively accepted. Quantitative relation-
ships between the variations in the width of annual tree rings and the
resulting amount of variation in the annual water supply have not, as yet,
been established.

The thickness of an annual ring of a tree is the composite result of
several factors affecting the growth of the tree. Tree rings are usable as
an indicator of water supply only where the moisture available to the tree is
the controlling factor in its growth. Trees growing where no shortages occur
in their water supply show limited variation in the thickness of their annual
rings. Such "complacent" records do not reflect variations in the general
water supply of their area. Tree rings are most useful as an indicator of
water supply where the trees grow under conditions of marginal moisture supply
and the rate of growth may be materially reduced in years of water shortage.
These conditions are met in arid areas for trees growing away from stream and
ground water influences and receiving only their local precipitation.

Like other practices, the technique of tree ring determination has
improved as its use has become more extensive. Recent work has been based on
more careful selection of the trees used and greater care in determining
double or missing rings. At present, experienced investigators can be relied
upon to secure a tree ring record which correctly represents the actual growth
of the trees used.

The result of tree ring measurements are usually reduced to terms of the
percentage of the mean for the width of the tree ring for each year for the
period covered by the record. This is a convenient form for use in comparing
different results. It is usual to combine the results of all of the trees
which have been measured in an area. As the individual tree records have
varying lengths the resulting means may not be in terms of the mean for the
entire period covered. In comparing results for different areas or different
groups of trees, the same time periods need to be used for each group.

The comparison between precipitation and runoff previously discussed in
this report shows that this relationship is variable. Qualitatively runoff
increases with an increase in precipitation, but quantitatively the rate of
increase depends on additional factors. A given amount of annual precipitation
occurring in a larger number of well distributed storms will produce less run-
of f than an equal amount of precipitation occurring in a few larger storms.
Figure 1 is an illustration of the variability of this relationship.

Similar conditions are applicable to the usefulness of a given amount of
annual precipitation in supplying soil moisture to trees. A close quantitative
relationship would not be expected and has not been found. Generally an
increase in precipitation, up to the limit that may be retained as soil mois-
ture, would be expected to result in an increase in tree growth. In arid areas
such a soil moisture limit may seldom be reached.

An examination of tree ring records shows a smaller range of annual
fluctuation than that for either precipitation or runoff. As shown in the
preceding portions of this report, both the annual precipitation and the run-
off may vary from over 200 percent of the mean to less than 50 percent of the
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mean. Such wide variations seldom occur in the tree rings.

Several results of tree ring measurements in the western Great Basin have
been published. These were made in the 1920's or early 1930's. They cover
different ages of trees but all but one have a common period of about U450
years beginning in 1480 and extending to 1929. These are located from eastern
Oregon to Mono Lake. Except for two results by Antevs and by Davis and
Sampson, they were made by separate investigators.

The results which have been compared by the writer in this report are
tloe of (1) Keen for eastern Oregon which includes Goose Lake, (2) Group A of
Davis and Sampson wWest of Lakeview, (3) Group B of Davis and Sampson in Fort
Bidwell Canyon, (4) Antevs for southeastern Oregon, (5) Antevs for north-
eastern California, (6) Hardman and Reil for the Truckee River drainage area,
(7) Schulmen for the Mono-Owens area.

These results are distributed over the western Great Basin with enough
work in the Goose Lake area to enable the results of different investigators
to be compared.

Results of F. P, Keen

F. P. Keen published his results in the monthly Weather Review for May
1937 in an article entitled "Climate Cycles in Eastern Oregon as Indicated by
Tree Rings." Keen's work was done while he was employed by the Division of
Forest Insect Investigations, Bureau of Entomology and Plant Quarantine of the
U. S. Department of Agriculture. His work began at Klamath Falls in 1923 and
continued intermittently until the article cited was prepared. Keen used
methods of sampling and analysing the records based on the results of
Huntington, Antevs, and Douglas. As Keen was working on bark beetle damage to
Pondorosa pine, his results were on this tree. Only trees growing on well
drained slopes were used. Altogether tree-ring sections were secured on 1140
trees in bl localities in eastern Oregon and northeastern California. The most
sensitive trees were found on the edge of the desert. Trees at the higher
elevations recéiving more rainfall were more complacent.

Keen found a similarity in fluctuations in annual growth not only between
neighboring trees but also from different areas. Keen concluded that the
climatic influences were more or less general throughout the northern Great
Basin region with only slight modification by more local weather conditions.

Keen's Tree Ring Calendar is shown in his Figure 7. This covers from A.D.
1268 to 1935. The number of trees used to derive the mean in the different
portions of this calendar inaesse from two in the beginning to 14 in 1480 and
296 in 1929. Both the annual results and the smoothed five year averages are
plotted on Keen's Figure 7.

Keen's article does not include the annual results except as plotted to
the scale of his Figure 7. These annual results were scaled from Figure 7
from 1480 to 1929. This scaling introduces probable errors in the results for
individual years but should not result in any overall errors of consequence.
These scaled results have been used in this writers' comparisons with other
work.

Keen's work represents an extensive field investigation and office
analysis, both conducted in accordance with the recognized practice in this
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field. His calendar is a thorough effort to produce results applicable to the
generally arid area of eastern Oregon. Keen summarized his conclusions as
follows:

The tree-ring record for eastern Oregon indicates that during the
past 650 years there has been no general trend toward drier or wetter
years. If such a trend exists, the change over a 650 year period is
so slight that it is obscured by other fluctuations. Average growth
for the 20 year period 1900-19 was found to be identical with the
average growth during the past 650 years. There have been important
fluctuationg®in growth throughout the entire period, however, with
alternate periods of good and poor growth.

All tree-ring measurements agree in showing that a very critical
subnormal growth period has existed since 1917. This slowing down of
the growth rate is undoubtedly the result of deficient precipitation
and lowered water tables. As compared with other drought periods,
the present one is the most severe and critical that the present
forests have experienced in the last 650 years. Several other periods
have exceeded the present one in duration of subnormal growth, but
none has approached it for severity. Growth in 1931, the poorest year,
was 68 percent below normal.

The tree-ring record indicates that the last period of 19 years
of drought and poor tree growth represents a major fluctuation in a
broad climatic cycle which eventually will be followed by a wet period
of better than average growth. No rhythmic cycle has been formed
which would permit a prediction as to when this reversal in trend will
occur.

Keen's results include tree rings through 1935. His prediction that the
drought since 1917 would end and be followed by a period of larger water supply
began to be verified in 1936 and continued for eastern Oregon area to 1960.

While Keen's results were applicable mainly to eastern Oregon they include
the area tributary to Goose Lake.

Results of Davis and Sampson

In 1931 tree rings on 90 stumps in the vicinity of Lakeview, Oregon were
measured in an effort to correlate tree growth and precipitation in that area.
The results were published by Wendell E. Davis and Arthur W. Sampson in the
Transactions of the American Geophysical Union for 1936, Part 1L, D 493, under
the title "Experiment in Correlation of the Tree-Growth and Precipitation
Cycles." These trees were in three groups from locations adjacent to the
available precipitation records. The authors found only limited correlation
between tree growth and precipitation. For multiple correlation using precip-
itation, temperature, and length of growing season, the results were somewhat
better giving a correlation factor of 0.37. Precipitation ceased to be
determining at 29 inches per year and the length of season at 180 days. The
authors concluded that the annual precipitation and growth as measured by
these annual rings were not related to each other; that the yearly trend of
the precipitation explained only an average of 14 percent of the trend of
growth so that a precipitation curve based on tree growth records would not be
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dependable; and that while tree growth fluctuations are fundamentally climatic
the relationship was complex.

The preceding paper did not include the annual tree ring measurements
made by the authors. Hearing that this work had been done, the writer in 1933
secured from Dr. Sampson the numerical results for the annual growth for two
of the groups of trees. These were expressed in terms of the percentage of
the mean for the period covered. Group A was for trees 1i miles west of Lake-
view coveéring years from 1413 to 1920. From one to nine trees were used to
1748, and from nine to 30 trees thereafter. These results were compared with
the precipitation at Lakeview. Group B included a similar number of trees
from Bidwell Canyon above Fort Bidwell for comparison with the precipitation
record at Fort Bidwell.

The results for Group A have been used for comparison with other results
relating to Goose Lake. A separate comparison has also been made between the
results of Davis and Sampson's Groups A & B.

Results of Ernst Antevs

Ernst Antevs reports the results of his tree ring studies in this area in
Rainfall and Tree CGrowth in the Great Basin, published jointly by the Carnegie
Institution of Washington (Publication no. 469) and the American Geographical
Society (Special Publication no. 211 )in 1938.

Antevs discussed the rainfall fluctuations during the past hundred years
for five areas, namely Lake County in South-Central Oregon, the Great Basin
Region of northeastern California, Modoc and Lassen Counties, the Truckee-
Carson-Walker Region, Western Nevada, the Humboldt Region, northern Nevada and
the Great Salt Iake Region, Utah. As the title indicates, this report was
concerned mainly with the relationship between rainfall and tree growth during
the past 100 years for which both records were available. Earlier tree-ring
results were also discussed.

Antevs secured tree-ring cores covering more than 100 years. These were
sent to the ILaboratory of Tree-Ring Research, University of Arizona in Tucson.
They were individually standardized there by Edmund Schulman in 1932.
Schulman's results were published in 1956 in a special publication of the
University of Arizona Press titled Dendroclimatic Changes in Semiarid America.
In this report Schulman included tables showing the indices of the annual tree
rings for the Southeastern Oregon Ponerosa Pine (Table T75), and the Northeast-
ern California Ponderosa Pine (Table T76) based on the cores collected by
Antevs. Schulman did not include similar results for Antevs' Truckee-Carson-
Walker or Humboldt areas. These results extend to 1931. TFor Southeastern
Oregon they start in 1453, for Northeastern California in 1485, and for East-
Central California in 1353. The results are expressed in terms of the mean
for the trees used in each group. For Southeastern Oregon, called the Lake-
view area by Schulman, from one to seven trees were available from 1453 to
1565, and eight to 15 trees for the remainder. For Northeastern California,
called the Susanville area by Schulman, the trees used numbered one tree to
1622, and two to five for the remainder. Extracts from Antevs' conclusions
include the following:

From 1801 to 1828 wide tree rings indicate ample precipitation in
the northeastern part of the Great Basin.... Also, judging from the
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tree growth the precipitation was exceedingly small in 1829 and

then increased to a fair meximum in 1836-38. Then followed,

during the 1840's, a wide spread and persistent drought, in

severity comparable to that &6f 1924-34. (p. 59)

Using the tree-ring results Antevs concluded that prior to 1850 the
precipitation had been about the average of that since for the Susanville area.
For the Lakeview area the rainfall since 1850 was above that in the remainder
of the tree-ring record.(p. 60)

Since the 1924-34 drought was surely the only one of its
severity since the lBhO's, its equal may not recur for several

decades. (p. 62)

Results of Hardman and Reil

Hardmen and Reil worked on tree rings in the upper drainage of Truckee
River. They derived annual indices for several areas. The most composite
result was for L6 trees from 1732 to 1930. These results were published in
The Relationship between Tree Growth and Stream Runoff in the Truckee River
Basin, California-Nevada, Bulletin 141, Nevada Agricultural Experiment Station,
1036. The resul® for the 46 tree group are in Table 9, p. 35. The actual
measurements of tree ring thicknesses were standardized for age. Smoothing was
also used by moving average of five or three years, placing the smoothed result
in the middle of the period used. The smoothed values were used in Table 9.

Results of Edmund Schulman

In the Dendroclimatic Changes in Semiarid America Schulman included
results secured in the Mono-Owens area (Table 77). These indices were based
on one tree from 1353 to lh90, four trees 1491 to 1527, five to seven trees
1528 to 1699, 13 trees 1700 to 19%1. These results have been compared with
the inflow to Mono Lake.

Comparison of Results

Of the results which have been used, four cover the 450 years 1480 to
1929. Each is reported in terms of the annual percentage of the mean. These
results are the means of the annual percentage of the mean of each tree
entering into the mean for each area. As the individual trees have varisble
periods of record, this procedure gives results which may not be in terms of
the percentage of the mean for all results. The available mean indices for
each area were first used for the 450 years 1480 to 1929, and the total
reconciled to a total of 4L5000. The original sums used varied from this
total by one to five percent. While this adjustment is small and within the
probable error of the results used, it places all areas on a comparable basis.

A general inspection of the different annual indices for these different
areas showed much variation. To reduce the detail involved in comparing the
different areas for each year of the common 450 year period, the results were
computed by decades with the means for each decade used in the comparisons.
This gave 45 decades for which comparisons were made.
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The decade results also showed much variation between the different areas.
These variations were large in amount and many were in opposite directions. It
did not appear that statistical forms of comparison would be useful for such
wide variability.

To secure a general picture of the variations of these tree-ring indices
for these different areas, the accumulated departures from the mean were com-
puted for each area. These results also showed relatively wide variations
between the different areas. This indicates that the area from Goose Lake to
Mono Lake is itself subject to variation in its water supply within its own
areas

Three of the five results for which the accumulated departures of the
tree-ring indices had been computed are applicable to Goose Lake. Keen's
results are for trees over a larger area in eastern Oregon, including Goose
Lake. Sampson's Group A and Antevs' Goose Lake are within the drainage basin
of the lake. These three results show material variation in their accumulated
departures. If tree-ring indices in an area are to be used to derive the past
variations in its water supply, the first requirement appears to be to secure
tree-ring observations that are representative of the water supply variations
of the area. The technique of tree-ring determinations has been materially
improved as more experience with its use has been secured.

The results since about 1800 for these areas are more nearly in agreement
for all areas, except Mono Lake, than those for the previous 320 years. This
may be coincidence or it may be the result of using. the rings for the more
mature portions of the life of the trees.

The departures from the mean give the following results.

Maximum Maximum Total Accumulated
Observations Accumulated Accumulated Departure from Mean
Excess Deficiency
In Percent of the Annual Mean

Keen 390 600 990

Davis & Sampson .
Group A 650 810 1460

Antevs-Goose Lake 340 130 k70

Antevs-Eagle Lake 620 620 1240

Schulman-Mono Lake 170 860 1030

These results indicate that there has been an accumulated departure from
the mean rate of growth for these trees varying from five to 15 years for the
different areas. Over this 450 year period the tree growth in these areas has
been subject to variations in its yield similar to those affecting annual crops.

Davis and Sampson's Group A & B represent trees within two areas close
enough together to represent the same climatic influences. If the variations
in the width of the tree rings in these two groups represent the variation in
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the precipitation in this area, the result for the two groups of trees should
agree with each other. Group A represents 30 trees growing in the mountains
5 15 miles west of Lakeview. Group B represents 30 trees growing in the area of
Bidwell Creek near Fort Bidwell. These areas were selected because of their
nearness to the available precipitation records at Lakeview and Fort Bidwell
respectively. Group B trees were about 15 miles south of Lakeview. Group A
were on the eastern slope of the mountains west of Goose Lake and Group B were
on the eastern slope of the Warner Range.

These two results had a common period of record from 1480 to 1928. Their
annual differences in percent of their mean for this period were computed dis-
regarding the direction of the difference. For the period the average annual
variation was 21 percent. TFor individual decades in this period the accumulated
differences were as large as 664 percent of the annual mean or an average
difference of 66 percent. In 41 decades the average annual differences
exceeded 10 percent; in 19 it exceeded 20 percent; and in seven it exceeded 30
percent.

If either of these groups of trees should be used in preference to the
other to derive the precipitation, the annual results would have an average
difference of about 20 percent.

These results indicate that the tree ring growth is itself variable with-
in comparatively close areas. Whatever effects may influence such growth
appear to have varied over the past 450 years in the areas of these two groups
of trees.

The accumulated departures from the mean were also computed by decades for

these two groups. These accumulated departures are widely variable. From
‘ 1480 to 1560 Group A had ring widths much below the average and then recovered
until 1630. Group B followed the mean fairly closely in this period. From
1630 to 1720 the results were reversed. Group A had a growth well above the
average and Group B was well below. Both groups had no wide departures from
the mean from 1720 to 1840. From 1840 to 1900, Group B was well above the
mean while Group A remained close to the mean. Widely different conclusions
regarding the variations in the water supply to be expected would be reached
from the separate use of the results for these two groups of trees.

Davis and Sampson attempted to correlate these tree ring results with the
precipitation for the years when precipitation records were available. They
concluded that their results did not indicate any significant association
between annual precipitation and tree growth. They also concluded, (1) that
annual precipitation and growth of trees as measured by their annual rings are
not related to each other in this area; (2) as the yearly trend of precipita-
tion explains an average of only 14 percent of the trend of growth a precipita-
tion curve based on tree growth records would not be dependable; and (3) tree
growth fluctuations are fundamentally climatic and are complex.

In the preceding portions of this report results have been derived for
the runoff of the drainage areas of some of the enclosed lakes in the western
Great Basin for varying periods based on the available information. These
results have been compared with the tree ring records in their area in an
effort to estimate the extent to which tree ring records may be an index of
Y the runoff. This has been done for Goose, Eagle, and Mono Lakes and for the

Truckee River. Each area is discussed separately.

A
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Goose Lake Area

The runoff from the drainage area of Goose Lake has been previously
derived for the period 1832 to 1960. Tree ring records are available for
this period to 1929. The results for the 98 years covered by both inflow
and tree rings have been compared.

The runoff record is based on the fluctuations of Goose ILake and its
evaporation. As the records of lake elevation are intermittent, the inflow
was derived in terms of the average for the periods between times of record
of the lake elevation. The tree ring records are available annually; they
were computed in terms of the annual average for the same periods used in
deriving the inflow. Twenty-three periods were used for the total period
of 98 years.

There are four tree ring results applicable to the area of Goose Lake.
These are Keen's for eastern Oregon, Davis and Sampson's Groups A & B, and
Antevd. All inflow and tree ring results were computed in terms of their
percentage of their 98 year mean.

When these percentages were tabulated, relatively large variations
between the different results were apparent. The extent of the variations
in the runoff was much larger than that in the tree rings. Here again these
variations were too large to justify attempts to derive relationships by
statistical analysis. The accumulated departures from the means for the
periods were computed and plotted to provide a visual comparison of the extent
to which the tree ring results might be usable as a basis for deriving the
runoff.

The four tree ring results show much departure from each other. The
results of Davis and Sampson's Group B and Antevs' show fairly good agreement
with each other for this 98 year period, and the results of Keen and of Davig
and Sampson's Group A are also in general agreement, but the two pairs of
results differ from each other.

The accumulated departures for the runoff show much greater variations
from the mean than of the tree ring results and follow a different pattern.
From 1832 to 1859 there was an accumulated deficiency in runoff of 815 per-
cent where two tree ring results were about the mean and the other two had a
difficiency of about 240 percent. From 1859 to 1914 the runoff exceeded the
annual mean by 1700 percent while the different tree rings varied from the mean
by an excess of from about 400 to 500 percent. The runoff of the Goose Lake
drainage area from 1914 to 1929 was only 40 percent o the 98 year mean while
the four tree ring results averaged about 80 percent of their annual mean.

From these results it was concluded that none of these measured tree
rings' thicknesses were usable as a practical basis for estimating the runoff
of the drainage area of Goose Lake on an annual basis.

Eagle Lake
While interpretations of the elevations above which Eagle Lake did not
rise have been made, based on the elevations at which present tree stumps grew,

what may be considered to be the direct records of the elevation of Eagle Lake
begin in 1875. The period from 1875 to 1931 is also within the results of
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Antevs for his Susanville trees. These trees grew in an area adjacent to
Eagle ILake and may have been, at least partially, within its drainage area.
The annual results for this 57 year period year compared.

The percentage of the annual tree rings and the runoff showed no con-
sistent relationships. Only two of the 57 annual tree rings were less than
60 per cent of the annual mean; 16 of the annual inflows were less than 60
per cent of their annual mean. Four of the annual tree ring results were
over 140 per cent of their mean compared with 10 of the inflow results. Tree
ring percentages between 60 and 120 per cent were distributed over inflow
percentages from less than 20 to over 140 with no consistent relationship.
For such scattering no statistical analysis of any correlation was considered
to be worth attempting.

The accumulated departures of the Eagle Lake inflow and Antevs'tree
rings were also computed. No correlation is shown that would be useful in
deriving the inflow although the two results move in the same direction in
some parts of this 57 year period.

These results indicate that Antevs' Susanville tree ring results do not
supply a basis for estimating either the amount or the variations in the
annual runoff of the drainage area in which Antevs' trees grew.

Truckee River

In Bulletin 141 of the Nevada Agricultural Experiment Station Hardman

i and Reil compared the tree growth and stream runoff in the Truckee River Basin

‘ for the period 1904 to 1930 for which records of both items were available.
A similar comparison between tree growth and precipitation was made for the
period 1871 to 1930. They found a general similarity between the curves for
tree growth and precipitation although the agreement was not complete. They
also found a correlation factor of 0.88 between tree growth and runoff for the
Truckee River. The authors state "These facts lead to the assumption that
precipitation has a similar effect upon both tree growth and stream runoff,
and that runoff can be estimated from tree growth."

In the writer's work on the runoff of Truckee River based on fluctuations
of Pyramid and Winnemucca Lakes, an estimated runoff was derived for the
period 1780 to 1960. Hardman and Reil's tree ring results are available for
the same period to 1930. These two results have been compared for the common
period of 151 years.

For the tree rings the percentage of the smoothed values of the annual
group for the 46 tree group at five different sites in the upper drainage
area of Truckee River was used. In their work Hardman and Reil used moving
averages of five and three with the resultant placed in the middle year of
the group. The writers' results for stream flow have not been smoothed.

The runoff of Truckee River since 1780 was necessarily derived for

> periods between the times when information regarding the elevation of Pyramid
and Winnemucca Lakes was available. Since 1922 annual records are available.
For the preceding 142 years the results were derived for 29 periods varying
from 30 to one years in individual length. The tree ring results were

1 derived for the same periods.

An inspection of these results for the tree rings and runoff for the
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periods used show wide variations. To illustrate the relationship of these
two items, their accumulated departures from their means were computed
expressing each item in terms of its percentage of its annual mean.

These results show little correlation between the tree rings and the
runoff. Somewhat closer agreement is shown from 1900 to 1930 when the results
for the runoff rest on a greater amount of observations. For the 60 years
from 1780 to 1840 the average tree ring results show normal growth while the
runoff averaged nearly 30 per cent below its 151 year mean. After 1840 there
is closer agreement between the accumulated departure of the tree rings and
runoff, but for some periods they vary in opposite directions.

Mono Lake

Schulman has derived results for the thickness of tree rings for trees
in what he calls the Mono-Owens area. These extend to 1941. The annual
results were published in Dendroclimatic Changes in Semiasrid America in
1956 (Table 7T7). Previously in this report the inflow to Mono Lake from 1857
to 1960 has been derived. These two results have a common period of 85 years.
For the 55 years from 1857 to 1911 the runoff was derived in terms of the
means for five periods varying from four to 15 years based on the availability
of records of the elevation of Mono Lake.

The results for the tree rings and the runoff of the drainage area of
Mono Lake were compared. A greater consistency was shown than had been found
for the other drainage areas in the western Great Basin for which similar
comparisons had been made. The accumulated departures from the mean in terms
of the percentage of the annual mean were computed. For the infrequent
observations on Mono Lake prior to 1912 there are divergences between the
tree rings and runoff. From 1911 to 1941 there is as close agreement as
would be expected between two items having a common relationship to the water
supply but also affected by other factors.

The closer agreement of the tree rings and the runoff for Mono Lake may
reflect the more critical moisture control over vegetative growth in its area.
For the common period of annual records, the tree ring results would have
usefulness in indicating the variations in runoff if runoff records were
lacking.

General Comparisons

The preceding results that have been presented show that the thickness
of the annual tree rings in the western Great Basin area is not a direct
guide to the annual precipitation or runoff. Some agreements are shown such
as that found on Mono lake. Disagreements were shown between different tree
ring results in the same area as for Goose Lake.

If specific relationships between tree rings and water supply do not
exist in this area on an annual basis, usefulness can still be secured from
tree ring results if they reflect general water supply variations. If no
water supply records were available in an area, tree ring results might have
usefulness in determining periods of excess or deficiency as to time of occur-
rence, duration and at least generally as to amount. The available tree ring
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results were examined to determine the periods of excess or deficiency which
they might show in comparison with the similar periods shown by the water
supply records. These results are shown in Table 32,

The results in Table 32 show a generally smaller variation from the mean
for the tree ring measurements than is shown by the inflow to the enclosed
lakes. For the three enclosed lakes represented in Table 32, the comparisons
are as follows:

Percent of the Annual Mean

Goose Lake FEagle Lake Mono Lake
Runoff IT®€  Runoff TIre€  gynopp TTee
rings rings rings
Minimum Year 27 32-50 6 23 L5 15
Maximum Year 238 135-204 315 211 191 162
10 Year Minimum
Period 29 70-80 50 96 72 82
10 Year Maximum
Period 153 111-132 157 126 120 129

The 10 year minimum and meximum periods for runoff and for tree rings
were in general agreement as to the time of their occurrence.

The tree rings show variations from year to year and for series of years
which represent a generally similar irregular pattern to that shown by the
annual runoff. However the tree ring results do not furnish a basis on which
the variations in runoff can be derived in quantitative terms. The tree ring
results for the 450 years that are available add support to the conclusion
derived from the enclosed lakes that the water supply conditions in the
western Great Basin have not varied essentially for the past 500 years.









