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basins in hydrological and other conditions that affect l .
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ABSTRACT

Thls report plesents a case study analysls of the re-

latlonshlps between 1mprovaments in the accuracy, fregquency

and timeliness of information used in making hydrological:fore-

_casts and economic benefits in the areas of hydropower and ir-

rigation. . The area chosen for the case study is the Oroville-
Dam and Reservoir. Any information which can be used to im-
prove the guality of the basin runoff forecast can lead to eco~- .

nomic benefits by indirectly affecting the supply of water for

hydropower and irrigation. By allowing. the timely and accuraté .

mapping of the-aerial.extent of snow in the basin, earth re-
sources survey* systems such as LANDSAT can contribute to im-
provements in the corresponding accuracy and timeliness of fore-
casts.

This study treats the subject of benefits resulting
from improvaa funoff forecasts in'é'genéralized ﬁéy'withbut
specifying the source.of the improvements. As an aid to the
reader interested in saﬁelliﬁe'snow'ﬁapping applicatidns, the
relaticonship between the quality of measurements of snowcover
aﬁd the accurécy of the spring rﬁnoff forecast {april 1) is
analyzed. .For the most palt the study ‘is constraln‘d by the

requlrement that flood control regulatlons (as fOLmulated by

~ the Army Corps of Engineers) and power generation plans --

*
"ERS," acronym to be used subsequently in text.




exiéting “poliéy" of'reéErVoir manageﬁent -—'be.foiloﬁed féith;
fully. A special section of the study, howevef, is devoted to

the.consideration of benefits ﬁnaer different.policies,.e.g.,.

less flooa con;pol ;eservation space.

Tﬁe estiﬁation of benefits from imPfoved seasbnal fun-
off forecasting has required: (i) a review of the runoff fore-
cast models for Oroville in use at the Califérnié Dep%rfment of
-Water'Resou:ces and (ii) a statistical analysis qf the forecast

errors in the critical April 1 seasonal xunoff forecast. The

methodology for making the (April through July} seasonal runoff

forecast* was reviewed in detail, and the relationship between
the forecast models and the measurement of snovcover discussed.
The errors in the April 1 forecast were calculated for the years
1042 tﬁfough-lQGT,Iand*a regression anélysis-performed to deter-
mine the extent to vwhich improved snowcovery measurements could
contribute to improved seasonal runoff forecasting. It was
found that 92.5% of the April forecasﬁ error variance:could be
“explained“ by the April-July precipitation; therefore only 7.5%
of the error vaﬁiance reméined to be affected by the improved
snovcovey measgrements. On the other hand, analysis of the same
data ieﬁealed.a significant negative bias in the April fﬁre—
casts, la:gely due to the underfo ecasts in unusually welt years.
Corlectlon of the blas could p0551bly lead to a 51qﬁ1f1cant ad—

vantage for the reserveir management in those years. However,

%*
FTorecasts are made on the flrst of each month from

February through June.
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it is not yet tlear whether improved snowcover measurements

would contribute to this bias correction and, if so, +to what

tent they would reduce the bias.

We caution against drawing final ox genderal conclu=

sions regarding the application of ERS derived snow mapping fo

improved reservoir management, in view of the complexity of the

latter subject and the uncertainties surrounding the relative

impoxrtance of various inputs to the decision process. Moreover,

geographical, climatological and technological factors may com-

bine in such a mannex that the vdiue of improved snow mappihg

is more important in the prediction of runcff in some river

basins than in others.

The relationship between increases in the accuracy of

forecasts, length of the forecast period and economic benefits

at Oroville in the areas of hydropower and irrigation are shown

in Pigures 1 and 2. These results are obtained under the

- -e¥xisting policies of reservoir managemenit. Figure 3 sheows the

relationship between maximum sconomic benefits and a policy

varizble affecting the amount of f£lood control reservation

space.

“The total potential economic gains which can be ob-

1

tained from policy variation amount to about $9,760,000 annu-

ally'(average marginal value of additional annual hydropower in

1975 dollars at 1975 prices}.

By adopting a2 more conservative

policy, but nevertheless utilizing improved forecasts of the

expected inflows to Oroville, some fraction of this additional
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’ Hyatt Generators B '

Figure
Note 1:

100 x

Note 2:

0% 50 o 100%

Percentage Reduétion in Tlood Control Reservation

3. The Economic Effects (Potential) of Policy Changes

(Hydropower Only) in Water Management at Oroville

Percent values are “"increases in forecast adccuracy."
They can be defined as: ' ‘ : '

8td. Deév. of Current Forecast Error -- Std. Dev.
of Improved IForecast Error )

Std. Dev. of Current Forecast Erxroxr

Tour week forecast range was used for improvements.
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potentiai géin may be generated.* In view of the fact that the

above estimate does not include of f-peak power generation and

it does not include additibnal benefits in irrigation and other

areas .of application,'it may be regardéd'as a low estimate of

the true maximum potential benefits. A full-scale investigation

of the-optimél policy'with'regafd to maximum economic outputﬂ
from Oxoville, subject to reason?ble_constraints, thus appears to

_ berwarranted.

The estimation of the value of this fraction has to be .
the subject of another study, because of the complexity,
“both techniecal and legal, of changing reservoir manage-
‘ment policies. ' - : Lo '
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Y. INTRODUCTION

1.1 The General Water Impoundment Management Problem

Water impoundment management serves a variety of
purposes. It can be used as a means of preventing floods or
minimizing flood damage, and also to maximize the amount
of power generated. It can be used to supply water for a
variety of uses (agricultural, industrial, residential) at the
most appropriate times and amounts. These various functions of
water management may at some seasons of the year be complemen-
tary and at other times be competitive with each other. B&an
example of such a relationship is hydropower generation and down-
stream water supply. If, at a ¢certain time of the vear,

a highrdemand for hydropower coincides with a high demand for
downstream water, then these two users are complementary since
water first used for hydropower can then be used for dovunstream
watef supply. However, if the demand for hydropower is high now,
and will be low later in the season, and the demand for down-
stream water is low now, but will be high later in the season,
then the two uses of water are competitive. More economically
useful hydropower means less economically useful downstream
water while, conversely, more economically useful downstream
water means less econcmically useful hydropowexr. One function
that is competitive with hydropower generation is flood control.
Maximizing the hydropower generation potential of each acre-
foot of water at Oroville reguires that the average height of
water abhove the turbines be at the maximum feasible level.
However, in order to prevent floods, at certain times of the
vear it is regquired that the water level in the Oroville
Reservoir be kept well below the maximum feasible level. The
more stringent the £lood control criteria, the less hydro-

power can be generated. Clearly, this presents a critical




management problem if flooding would cause serious economic
damage while, at the same time, the demand for hydropower is
extremely high.

In order to determine, in an economically p¥oper wvay,
how much water should be allocated to different uses, it is
necessary tc know in detail the dcuwand for and the supply of
water. The total supply of water depends on the amount of
water in the reservoir, the watexry table, evaporation and
evapotranspiration conditions, the ambunt of snow cover and
the amount of future rainfall and snowfall.

Therefore, to estimate water supply reguires estimates
of esach of the above variables. Since the amount of water in a
reservolir will be known with a high degree of accuracy, we can
omit that wvariable from the present discussion. The estimation
of water table, evaporation, and evapotranspiration conditions
are handled in present-day short-term forecasting models in a
very approximate way. For long-term seasonal forecasting
models, these conditions are generally not considered to be
important. vhe water content of snow cover can be estimated by
ground truth, aircraft, or satellite. Predictionsrof future
rainfall and snowfall depend on weather forecasting models.
Potentizlly, better information on some of these wvariables
could alsc be cbtained by satellite.

With better information on these variables, better
forecasts can be made of water supply. ‘These improved fore-
casts, in turn, can be used to better manage reservoir opera-
tions. The relationship between ‘better information ‘thich may
be in tﬂe form of more accurate information, more éimely
information, or more freguent information, and better forecasts
is discussed in Sections 2.1l.1 to 2.1.4. The behavior of the
actual seasonal forecast error is discussed in Section 2.1l.5.
The discussion in Sections 2.1.1 and 2.1.5 indicates how much
errox now exists in the seasonal forecast and thexeby sets the

upper bound on potential seascnal forecast improvement while

1-2
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Section 2.2 indicates how much short-texm forecast error exists,
based on historical data of daily streamflow.

As stated above, management of a reservoir is carried
out within the constraints of flood control c¢riteria.

Appendix A presents a theoretical discussion of proper

flood control criteria based on éhe accuracy, freguency and
timeliness of forecasts. These forecasts, in turn, are related
te the accuracy, frequency, and timeliness of information (see
Sections 2.1.1 to 2.1.4)}. Phe actual flood control criteria
under which the managers of the Oroville Dam have to operate
are given in Appendix B.

Section 2.4 presents an important disgcussion of the
sources of the seasonal forecazt errors. This section answers
the question of how much of the forecasi error is due to
missméasurament of snow cover and how much of it is due to other
factors. .

Given better forecasts as a result of better informa-
tion, how does this process translate into economic benefits?
This guestion is explored in Chapters 3 and 4 of this paper.
Section 3.1 discusses a general economic model of hydropowex
benefits as a conseguence of better forecasts. Section 3.2
presents a discussion of irrigation benefits as a conseguence
of better forecasts. Since Section 3.1 omits some of the
critical constraints that affect economic benefits, a simula-
tion meodel that inciudes the critical constraints is analyzed.
Section 4.1 describes the original simulation model,

Section 4.2 the modifications incorporated to simulate the
effects of imprcved.forecasts of water supply, and Section 4.3
the resulits obtained from +the simulation of different degrees
of improvement in water supply forecasts. _

A brief description of dperations at the Oroville
Damsite and the characteristics of the Feather River Basin is

given in the next section. A more extensive description of

1-3
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the characteristics of the Feather River Basin is presented in

Appendix E.

1.2 The Feather River Project

The Feather River Project is the initial unit of the
California Water Plan. The project was approved by the
California State Legislature in 1951 and the first appropriation
ocecurred in 1957. The total Feather River Project cost is about
$370 million divided between the Upper Feather Division and the
Oroville Division. The Upper Feather Division consists of
Frenchman Dam and Lake, Antelope Dam and Lake, Grizzly Valley
Dam and Lake Davis, Abbey Bridge Dam and Reservoix, and Dixie
Refuge Dam and Reservoir plus the Grizzly Valley Pipeline. The
Oroville Division consists of the Oroville Dam and Lake Oroville,
the Edward Hyatt Powerplant, the Thermalito Facilitiés, and
three subsidiary dams. The total drainage basin area of the
Feather River Project is 3611 square miles and had produced an
average annual unimpaired runoff at the Droville Damgite forx
65 years of record (1902—1967) of 4.2.miilion acre-feet.

Figure 1.1 shows the Feather River drainage area.

A detailed description of the Feather River Basin is
given in Appendiz E. This description covers (a) the location.,
area, elevation, and vegetation of the different components of
the Feathexr River Basin, ({b) the climate of the Basin, with
specifiec references to temperature, precipitation, and snowfall,
{c) runoff characteristics of the Basin, (&) flocd characteris-
ties of the Basin, and (e) the downstream areas subject to
flooding. _
' . The analysis of the benefits to he gained ﬁhrough
improved water management in the Peather River Project as a
result of remote-~sensed data requires a description of water
management decision parameters as they épply to current proce-

dures employed at the Oroville~Thermalito facilities. These
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facilities provide the main control of the flow of water from
the Feather River drainage basin into downstream channels which

comprise a portion of the California Waterx Project;

1.3 Current Operation of the California State Water Ptoject 

In an effort to prevent natural disasters (i.a.,
floods, droughts, etec.]}; hlst011cal data. have been collected by
water management officials with regard Lo uncontrolled flow

rates in many water carrying channels. These data have bEen

related to minimum and maximum permlsSLble rates in each channel -

so *that natural disasters can be avoided. Once this informa-
tion is made available, efforts to control flow rates can be
initiated and operational Qrocedurés outlined.. Curfénﬁly,
control of flow rates at individual facilities is based on three
basic parameters, (1) expected near—-term inflow rates intd
reservolrs, (2) reservoir storage capaqity, and (3) downstream
channel capac1ty. Reservoir storage and downstream channel
capacity are defined for each facility ‘and do not need further
elaboration here. These parameters are discussed in Appendix B,
However, inflow rates are stochastic and will therefore bhe
delineated further.

Expected near-term inflow rates are typically dependent

on three basic variables: the state of the terrain (ground

wetness, ground cover, soil type, shape, etc.), and actual near-

term precipitation and snow cover. Currently, ground wetness is
used to approximate the first variable and precipitation is
determined from precipitation stations and weather forecasts.
Snow cover is determined from snow survey stations. Ground
wetness is simplified at p#eSent by assuming that it is_funcf_
tionally dependent only on precipitation. Using this type of
data, five day hydlograph pronectlons of inflow rates are made
for the Feather River. Since short-term inflow rates can be"
relatively large, large safety factors are employved at Oroville

in order to prevent natural disasters. . Control of waterx
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resources by using larqe saiety factors does prov1de reasonably

:hlgh levels of protectmon agalnst floods, but it llmlts the--

ability to manage water resources in a dynamic sense.

1.4 Currént Operation of the Oroville- Thermalito Paciiities_

The 0rov1lle Thermalito facllltles functlon as a multi-

'purpdse‘operatlon. - Two major functlons ‘are flood control and

power'qeneratidn. It should be noted however, that watexr

'supply and uater quallty control w;ll play an 1ncreaq1ng role

as time passes and Wlll provide crltlcal Cinput requlrements and
cpnstralnts to the California Water Project by the late 1980°'s.

. Flood donﬁfdi'ié achiévéd by'invéstigation.of projected
reservdir inflow rates and reservolir stoﬁage capacity,,and-reéer_
voir outflow. rates; which are determined frpm_an_antepedent_pref
cipitdtion.iﬁdeﬁ model (API.mode1) desbribed in Section*2;3.2;
Within a year, this APT model will be replaced by a "Generalized
Streamflow Simulation System" model developed by the Joint Federal—
State River Forecast Center. '

_ Along with a flood control requlrement, power is
generated at the Edward Hyatt and Thermallto facilities.
Edward Hyatt, w1th six generators (three reversible for pump -
back), has a generation capacity of 678,750 kilowatts, and
Thermalito, with four generators (three reversible for pumpback),
has a generation capacity of 119;600 kilowatts. Although both
facilities are desigﬁea for-éumpback opefétioﬁs,xthis aspeCt-of.

the project has only been used for testfpﬁrposes to date. .

'Eventually, ‘power generation and pumpback capabllltles Wlll add

degrees of freedom to the entire system Lhat wxll lmpacL on the

decmsmon polmcmes of the managexs.'




2, BSYTATISTICAL ANALYSIS OF HYRDROLOGICAL INFORMATION AND
FORECASTS

2.1 Translation of Better Information Into Better Forecasts

In this seétion, we will develop the effect of improve-

ments in the accuracy, timeliness, and fﬁequency~df information
on the distribution of forecast errors. For expositional
purposes, we will examine f£irst the question:qf the effect of
improvements in the accuracy of information (i}e.; improvements
in the accuracy of data in the forecasting model). Later in
‘this section, we will discuss the effect of more frequent data
collection and dissemination of information on the distribution
of forecast errors. The last part of this section will discuss
the effect of the timeliness of the data éollectibn and fore-

casting process.

2.1.1 Forecast Range Diagram

A general description of the degree of "accuracy" of a
forecast is given by a cumﬁlative probability density function
of the forecast errors at each forecast date. For example, a
- representation of the cumulative distribution of forecast errors
of the April to July seasonal runoff for the Feather.River on
February 1 is given by the flatter dashed line on Figure 2.1.

On March i, these errors are given by the flétter solid line; on
April 1 by the steeper dashed line and on June 1 by the steeper
solid line. _

Points Bl, B2, B3 and B4 schematically represent the
"90 percent probability levels" for the February 1, March 1,
April i, and May 1 forecast dates, respectively. That is to
say, at Point B, a 90 percent probability exists that the fore-
cast error will be less than the level given by Point B. Like-
wise, points Cl, €2, Cc3, and C4 show the 75 percént probability
levels for, respectively, the Februvary 1, March 1, aApril 1, and
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May 1 forecast dates. At any point C, a 75 percent probability
exists that the "positive" forecast =rror will be greater than
the level given by Point €. Points D and E represent, respec-
tively, the 25 percent and the 10 percent probability levels.
The type of information given by Points B, C, D, and E can be
translated into a "forecast range diagram.™

Since a furecast range diagram takes selected points
from a set of general probability distributions of the forecast
error, it, of course, contains less total information than the

original distributions. Howevér, oY sSome purposes, such as

ease of exposition, it is often more convenient to use

a forecast range diagram.- In fact, because it contains less
information, some phenomena (such as the effect of accuracy,
frequency and timeliness of information on forecast accuracy)
that can be explained easily with a forecast range diagram can
be explained only with considerable difficulty (and possible
confusion) using a set of general error distributions. For
other reasons, such as for a decision-~maker who is concerned with
some critical (to the decision-making process) probability
level, it is probably more uszeful to use a forecast range
diagram than a set of more general erxrror distributions such as
those shown in Figure 2.l. Also, in some cases it may almost
be a necessity to use a forecast range diagram. There can be
situations where the scantiness of the underlying data does not
permit a reasonably accurate representation of the general error
distribution, but does permit the determination of the location
of a limited number of selected probability levels.* Another
point to be made for the usefulness (in a practical and pragmatic
sensr)} of the forecast range diagram is that water resource

decision~-makers {at least in California) are familiar with this

#*This is the case for Figure 2.1 where we have arbi-
trarily drawn straight lines between known point values.
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diagram, but are less familiar with, and typically do not have
available, the set of more general forecast error distributions
shown in Figure 2.1.

The forecast range diagram constructed by the Water
Resources Department of the State of California for the Feather
River at Oroville is illustrated in Figure 2.2. The points A,
Bl, RBR2, etec., in PFigure 2.2 correspond to the identically
labelled points in Figure 2.1.* The forecasting model under-
lying this forecast range diagram is derived £rom a process of
comparing actual runoff with forecast runoff over a 25—year
period.** It shows over the forecasting perxriod, the specific
probability values of having an amount of unimpaired water runoff
above (or below) the mean forecast unimpaired water runoff,

For example, on February 1, these is a 10 percent probability

that the actual water runoff during the aApril to July period will
be greater than 1,060,000 acre-feet ahove the mean ferecast runoff.
On May 1, however, there is a 10 percent probability that the
actual water runoff will be 290,000 acre~feet above the mean
forecast runoff, a considerable drop from the February 1 level.
This funnel effect should occur, since forecasts can be updated

by actual event information replacing some of the previocusly
projected information.

We have been examining the forecast range diagram,
which shows probability bands for a seasonal forecast. However,
in principle the same type of diagram can be applied to any
forecasted pexriod, whether it be a century, a season, a month,

a week, or a minute. A forecast vange diagram of daily flows

for the Feather River over a one-month period is described in

*For expositional purposes, we have added points A, Bl,
B2, ete.
#%In Section 2.1.3, we present some evidence which sug-
gests that the forecast range diagram used by the State of
California for the Feather River may be inaccurate.
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Section 2.2. Thiz means that the principles that we will derive
from the forecast range diagram governing the relationship
between the accuracy, freguency, timeliness of information

and the accuracy of forecasts will apply to forecasts of any
time period. (General principles derived from the forecast
range diagram can be related to corresponding general principles
applicable to the error distributions, but with a considerable

loss in the clarity of the exposition.)

2.1.2 Accuracy of Information

In general, the determination of the spread of the
forecast range diagram probability bands is given by the
"accuracy" of the data used in the forecasting model and the
Yaccuracy” of the forecasting model itself. The "accuracy" of
the data inputs, however (reasconably) measured, are some
function of the mean and freguency distribution of the errors
in the data while the "accuracy" of the model, however (reason-
ably) measured, is some function of its error characteristics.
Errors in the inferences derived from the sample data could be
due to either ({or both) an inaccuracy'of measurement of the
actual sample inputs used in the forecasting model (i.e., a
measurement error) or to an extrapolation of the sample results
to the whole {i.e., sampling error). Errors embedded in the
forecasting model can be due to: (a) model misspecifications
such as the omission of some important wariables or to an
imperfect relationship between some or all of the variables, or
to (b) inaccurate estimates of coefficients on some or all of
the variables. In practical terms, there always will be some
inaccuracy in the data and some inaccuracy in the model used.

In Section 2.4, Analysis of the Sources of Exrror in
the April-July Forecast, we will examine the "accuracy" of the
April-July foreéast model of the Feather River, or more

specifically, the mean percentage erroxr in the April-July
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forecast of unimpaired runoff for the Feather River at Oroville
due to model errors and due to errors in each of the forecast
input variables,.

As illustrated by Figure 2.3, improvements in accuracy
of information cause the probability bands to narrow. The
precise way in which such narrowing takes place depends on
specific information eon the nature of the distribution of data
errors and the distribution of model errors. 1In general, infor-
mation on the data distribucion errors and model distribution
errors can at best only be inferred (or assumed}. However, the
amount in which each source of error contributes to the overall
error can be derived from an analysis of covariance. This
information indicates which sources of error it pays to reduce
in terms of more accurate forecasts and which sources of error
can be safely ignored. Such an analysis was performed for the
Feather River and is described in Section Z.4.

In Section 2.4, we develop the methodology for deterr
mining the relationship between improvements in the measurement

accuracy of snow cover and precipitation and the accuracy of

the forecast. Then, we examine specifically these relationships for

the Feather River. In the case of the Feather River, improve-
ments in either the measurement accuracy of snow cover oxr in
the accuracy of measurement of precipitation that has already
occurred will not improve the accuracy of the seasonal £forecast
significantly. 3If the relationship between forecast error and
accuracy of forecasted precipitation developed in Section 2.4
for the Feather River holds for all levels of forecast error,
then each 1.0 percent increase in the accuracy of predicted
precipitation means an increase in forecast accuracy of 0.925

percent.

2.1.3 Freguency of Information

Frequency of forecast is a function of the frequency of

data collection and the freguency of input of these data into
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forecasting models. The update of data collection could be

much more frequent than the frequency of inputting these data
into forecasting models. This difference in freguency could
occur if other purposes besides forecasting were served by data
collection.‘ The reverse, however, of more frequent forecasts
than data collection cannot be true for statistically meaningful
forecasts. Thus, fredquency of data collection puts an upper
bound on the frequency of forecasts.

On the forecast range diagram, straight lines
sequentially connect expected forecast errors made on successive
dates. In actual fact, when a forecast is made, the expected
forecast error is & constant until a new forecast is given.
Thus, the true picture of forecagt information is given by the
s0lid line step function shown in Figure 2.4. The solid line
represents forecasts made at relatively infrequent intervals.

If the freguency of forecasts were to double, then the expected

forecast erroxr would be given by the dashed line in the saﬁe figure.

As the freguency Ffurther increased, the number of steps would
correspondingly increase., In the limit, as the frequency of
forecasts approached infinity, the forecast error would approach

the solid irregular line marked "instantaneous" in Figure 2.4.

2.1.4 Pimeliness of Information

The timeliness of information refers to the difference
in time between the collection of data and the translation of
this data into useful information such as a forecast. In
Figure 2.5, less timely data is given by the outside probability
band. If the difference in the time between data collection
and forecasts were to be reduced, the outside probabitity bhand
would be shifted to the left in a way that was exactly parallel
to the orxiginal probability band. The distance between the
original probability band and the new probability band is

exactly given by the increase in timeliness. TFor exanple, if
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the gap between data collection and forecasts were reduced by
one week, the probability band would be shifted to the left by

one week.

2.1.5 Analysis of the Actual Behavior QOver the Season in the
Forecast Error

To determine the accﬁracy of the forecast range diagram
used by the Water Resources Department of the State of
California (Figure 2.2) and to determine the actual behavior of
the forecast error from February to May over the last several
years, we have calculated the seasconal foxecast exxrox for the
 fore:ast dates ?ébruary 1, Mafch l, April 1, and May 1 for the
yéar5'1969 to 1874 and the average positive and averadge negative
forecast error.  Table 2.1 presents the forecasts made on the

above dates and the estimated actual seasonal runoff.




Table 2.1 April-July Feather River Runoff Forecasts and
Actual Runoff {(in thousands of acre-feet)

3 — Forecast Made on: — i
Year February 1 HMarch 1 April 1 May 1 Actual
1974 2070 2040 2800 2870 2688
1973 jga0 2330 2400 2150 1913
1872 i520 1550 1000 1180 1198
1971 2600 2200 2400 2400 2701
1970 | 1850 1800 1580 1350 1114
1969 ‘ 3000 4100 3800 ' 3500 3304

The differences between the forecast runoff and the actual runoff
are the forecast errors; these erroxrs are plotted in Figure 2.6
and connected by dashed lines. TFor each forecast date, the
average of all the positive errors is computed as is the average
of all the negative errors. These positive and negative errors

are shown by the heavy solid 1lines.

The last point does not imply'that such a predictive
relationship between the past and future meterological condi-
tions of snow cover and precipitation will be simplie. Tor
example, as predictors of future conditions, the time pattexn
of prior accumulated amounts of precipitation and snow cover may
be as important as the level of such accumulations. Further-
more., prior levels of snow cover may have greater predictive
value in forecasting future precipitation than in forecasting
future accumulatibns_of snow cover. In addition, inverse

relationships may exist. TFor example, a large precipitation
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early in the season may,presgge_a.émall bxecipitation later in _ :
the season. o T - o :; R RS
' An examination of the correlations between the Gctober |
through March and the Aprll through July snow cover and pre01p~ S B !
itation indices (frowm the forecastlng equatlon dlscussed in ' )
Section 2.3.1l) shows that no statlstlcally SLgnlflcant relat10n~' L
ship ex1sts between the Dctober through March and the Aprll
through July precipitation indices. The correlatlon between
the October through March snow cover variab;e-andgtha April . . .
through July precipitation index, though much higher, is also iﬁf
not statlstlcally significant at the 5 percent level. The

correlation coefficients (r's) beLwcen these variables. are 2%

)

¥ = 0.1284 between October-March and April-July

precipitation _ o , L o

H
I

0.2320 between October-March snow cover~and,April- ;
July precipitation. :

A stronger relationship prbbébly could be obtained by = .
breaking out the October-March and the April-July periods into

monthly units and doing a statistical analysis dn-thé~monthl§

PR

snow cover and precipitation values.**

2.2 Forecast Range Diagram of Dally Feather Rlvcr Stleam- S _.=ﬁ
flow S : o o

75 undexrstand the nature of the sLochastlc progess
involved in the Feather River streamflow, and. in oxrder to be

able to derive short-time-frame forecast range diagrams analo-

*The correlation coefficient (r} is a statistical mea-
sure of the degree of linear association between two variables.
A value for r close to zero indicates little statlstlcal asso-

‘ciation; while'a wvalue close to one lndlcates very high statis-~
tical association.

-

v

**Whlle beyond the scope of thls study, suff1c1ent data
in terms of sample points. needed to- construct reliable pr901p"

itation and snow indices exist for maklng such an analys;s for .
the period 1952 to the present. :
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gous to the Feather River seasonal forecast range diag;am
(Figure 2..), a "Box-Jenkins"* type of statistical analysis
was performed. In a ﬁox—Jenkins analysis, a time series is
broken out into two components, an underlying deterministic
segment representing the central tendency of the time series
distribution and a stochastic segment representing the
distribution of deviations from the central tendency. For
example, given the jagged time series line shown in Figure 2.7,
the Box-Jenkins analysis will break up this line into two com-
ponents: a smooth line showing the deterministic ox central
tendency effects, and a stochastic component which is derived by
taking the difference between the deterministic component and
the actual time series line.

In hydrology, where streamflow has a strong seasonal
tendency, application of a Box-Jenkins approach is extremely
promising. A mathematical treatment of this analysis as it
applies to the Feather River is given in Appendices C and D.

A graph of the 30-day mean and standard deviation
Box~-Jenkins results for the natural logarithm of daily stream-
flow is given in Figure 2.8. The results shown in Figure 2.8
can be transformed into the estimated actual streamflow “"errors®
by taking the antilogs.of the computed results shown in this
figure. Because the "errors" around the natural logarithm of
stregmflow have been treated as normally distributed, the
"errors" will be log-normally &istributed around the actual
streamflow. ‘Thus, the positive standard deviation above the
mean will be significantly_larger'than-the negative standard
deviation below the mean.

Imagine now that a forecast was desired of the daily

streamflow 30 days f£rom the presénﬁ. In_effect, wévwould be

*Box, George E.P., and Jenkins, Gwilym., Times Series
Analysis Forecasting and Contrxol, Hold-Day, San Francisco, 1970.
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"looking® from the t + 30 date in Figure 2.8 back to the t date
in this figure. A presentation of this "looking backwards" in
ﬁore familiar terms ﬁould mean éaking the mirror image of the
standard deviation line in Figure 2.8 and then converting this
single line into .9, .75, .25, and .l probability levels of the
streamflow. This has been done in Figuxe 2.9. Whét we £ind

is the familiar forecast range diagram applied to daily stream-
fliow. The importance bf this result is that it ties in directly
with the discussion in Section 2.1 on the use of the forecast
range diagram to translate better information (either more
accurate, more timely, or more freguent) into better forecasgts.
Phis tranglation can now be done for daily streamflow data. The
results presented in Fiqgure 2.9 indicate that past daily
streamflows provide some forecasting information on future daily
streamilows. At the 90 percent probability level, information
of value on daily streamflow can be cobtained two weeks in
advance. The percentage error at this probability level rapidly
diminishes as one approaches the actual forecast date. Since
current short—teérm forecasting models of the "API type” that

are c¢urrently in use in California do not incorporate past
streamflow behavior using a statistical model, these results
suggest that these short-~term forecasting models can be improved
by incorporating recent past streamflow behavior as well as the
seasonal pattern of streamflow. From an economic standpoint,
the main improvement in forecasts that past event streamflow
information would make pogsible is the ability to make a longexr

period forecast, say two weeks, rather than the current five-day

forecast.
2.3 Types of Forecast Currently Performed
2.3.1 April-July Seasonal Forecast

On February 1, March 1, April 1, and May 1, forecasts

of the April through July unimpaired runoff for major California
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rivers and streams are published in Bulletin No. 120.% rWeekly
updafes are made of these April and July runoff forecasts; they
are sent out on a limited distribution basis to major users of
these forecasts.** The April through July unimpaired runoff
forecast for the Feather River at Oroville is based on an _
equation developed by the Snow Survéys and Water Supply Fore-
casting Section.***% This eguation and equations similar to it
for other California rivers were &evelopea by this gection
using the statistical technigue of multiple regression analysis.

The Feather River at Oroville forecast eguation is:*%%%

=-297.7 + 4.93035% + 8.4855P, + 4.3578P, (2.1)
(0.2986) (1.1110)  (0.2799) R? = .o8
16,510 7.638 15.572 ¢ = 130.9
DU = 2.04

Note: Numbers in parentheses are the standard errors of
the regression coefficients.

Numbers directly under the standarxd exrrars of the
regression coefficient are the t-values¥**x%
associated with the regression coefficient.

*YWater Conditions in Califormnia¥, Bulletin No. 120 -
(vear), Reports 1-4 {(February 1 -~ May l), State of California,
Department of Water Resources, Sacramento, California.
**Weekly forecasts consist of a median forecast and a
forecast at the B0 percent and 20 percent probability levels.
#%gtate of California Department of Water Resources,
Division of Resources Development, Flood Forecasting and Opera-
tions Branch, Snow Surveys and Water Supply Forecastinrg Section.
*%*%Phe coefficient in this eqguation is slightly
different from the one obtained by the Snow Surveys and Water
Supply Forecasting Section.

#k%%%Phe t-value is the ratio of the regression coefficient
to the sgtandard error. The higher the t-wvalue, the less likely
the "true" value of the regression coefficient is, in fact, zero.
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where:
"= forecast of April through July unimpaired runoff at
Oroville (in thousands of acre-feet)
§ = .1 X average measured index of water content of snow
(in dinches)

P1 = average measured index of water content of precipi-
tation (in inches) for the October through March
period

P2 = average index of water content of precipitation (in
inches) for the April through July peried

R2 = coefficient of determination?

T = standard error of estimate

DW = Durbin-Watson statistick¥*

This regression was computed f£rom April 1 data for
the years 1942 through 1967 on the water content of snow cover
and the actual precipitation that occurred £from October through
March and from April through June. The values of the R2 {.98),
the standard error of estimate (130,900 acre-feet), the t-values
on the regression coefficients (16.5, 7.6, and 15.5} and the
Durbin-Watson statistic (2.04) indicate an excellent fit.

"he procedure for making the April-July forecast on
FPebruary 1, March 1, April 1, May 1, and June 1 is shown by the

following eguations:

*The coefficient of determination indicates how much of
the variation in the dependent variable is esxplained by varia-

tions in the indepeﬁdent variables. An R2 of .98 means that

98 percent of the variation in the dependent variable is
explained by the variation in the independe:t variables.
*%*2A Durbin-Watson statistic measures the degree of

"serial® correlation. A value close to 2 indicates that the

problem of serial correlation is not present.




February
W(F) =
March 1:
wi{M) =
April 1:

wWin)

May 1

W{My)
June 1

W(J)

2
+ az[S(F) + 301° + a3[Pl(F) + 321 + a4[145] {2.2)
2
+ a2[5(M) + 10]° + aa[P1(M) + 15] + a4[145] (2.3,
2
+ a2[S(A}] + a3[Pl(A)] + a4[l45] (2.4)3

) _
+ az[S(A)] + aaiPL(A}] + a4[P2(My) + 73] (2.5)

+

2
+ a2[S(A)] a3[Pl(A)] + a4[P2{J) + 121 (2;6)

where, from the forecast eguation:

m
1

i)
]

o
1

bl
il

297.17

4.9303
8.4855

4.3578.

Phe variables are:

w(i).

s (1)

Pl(i)

Pz(i)

April-July Feather River unimpaired water runoff
forecast, where i = F,M,A,My,J, and F = Februarv,
M = March, A& = April, My = May, and J = June

snow index up to the end of the i-1l month

Qctober « March (cumulative) precipitation index
up to the end of the i-1 month

April = June {(cumulative) precipitation index
up to the end of the i-1 month
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The constants 30 an: 10 are, respectively, the historical
average increase in the snow index in February and HMarch.

The constants 32 and 15 are, respectively, the historical
average increase in the October ~ March precipitation
index in Pebruary and March.

The constants 73 and 12 are, respectively, the historical
average increase in the April — June precipitation
index in May and June.

To illustrate the use of these equations for a parti-
cular date (February 1), the snow index for the February 1
forecast is composed of an index of the water content of snow
on January 31 plus the average historical increase in the snow
index in February and March (30}, the October - March (cumula-
tive) precipitation from October 1 to January 31 plus the histor-
ical average increase in the precipitation index in February and
March (32}, and the average historical value for the April -
June {cumulative) precipitation index (145).

Two problems exist with this approach. (1) since
the technigue employed essentially is a curve fitting approach,
the underlying physical and meteorological relationships cannot be
directly related to the regression equation. If the typical
physical and meteorological characteristics of the basin become

modified over time, such shifts will not be picked up by the

regression eguation. (2) Furthermore, extreme metedrological
conditions that lie outside the range of data values used to
estimate the regression equation could produce forecasts that
are far different from the actual results. This would occur if
the underxlying physical and meteorological conditions dictate an
"extrapolation line" above or below certain critical values that
is different from the "interpolation line" that exists for less

extreme phenomena.




2.3.2 Five-Day Forecast of Hydrograph {(at Six-hour
Increments}¥ '

The current procedure used in forecasting a five-day
hydrograph will be replaced by a conceptually different and more
sophisticated gcheme in about a year's time. For the current

scheme, the following data are required for the Feather River:

{a) the antecendent precipitation index
(b) base flow near Oroville
{c¢} snow depth at Gold Lake {(6700")

(8} snow depth at other levels {(from stations outside
Feather River Basin)

{e) Yother" data {(either (1) "synthetic climate,"”
{(2) "snow departure¥ or (3) "week departure™)

(£} projected basin storm precipitation data

(g) elevation at which freezing takes place

A description of the antecedent precipitation index,
the éynthetic climate, the week departure and the snow departure

follows.*®*

Antecedent Precipitation Index (API)

*The API [Antecedent Precipitation Index] is a basin
moisture index which associates the basin retness wiith the
amount of rain that has fallen on the basin, and the length of
non-rain periods between storms."

The API increases directly as a percentage of the
volume of rain over the basin in a 24-~hour period, and decreases
according to a decay function during non-rain periods. During
prolonged dry periods the decay function reaches a constant

reduction rate, called a minimum reduction, which is a function

#*Phis description is based primarily on an unpublished
paper obtained from the Flood Forecasting Section, Rainfall-Run-
off Forecast Scheme, dated B8/5/66.

#*Rainfall-Runoff Forecast Scheme, pp. 10-1ll.
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of the time of the year; i.e., the rate of drying is much

greater in July than in January.

Synthetic Climate (S8SC)

"The Synthetic Climate attempts to associate the basin
plant cycle to a long term average temperature, which has been
adjusted for the seasonal radiation changes. The plant cycle,
in turn, indexes that portien of the basin moisture which is

lost to plants,(i.e., evapotranspiration, interception, etc.)".

Week Departure {WD)

"The depletion of basin moisture due to plant usage is
indexed by the number of weeks that have passed from the present
storm to the date of minimum plant moisture usage. The
assumption is made that plant moisture usage increases uniformly

with time from the date of minimum usage.®

Snow Departure (8D)

"The basin moisture is sometimes well indexed by the
departure of the present basin snowpack depth froﬁ the average
or normal (l5-year) snowpack depth. 'his leads to the use of a
snow departure parameter."

The antecedent precipitation index and the "othex"
data are used to construect an "antecedent index." The following
equation gives the general formula used to determine the

antecedent index:
AT = o + B {(“"other" variable) + 8 (“"othex" variable}3
4+ & (APIY + € (API)3 {(2.7)
where

AI = antecedent index




either (1) synthetié climate, (2) week depar-
ture, or (3) snow departure

Yother" wvariable

I

API antecedent precipitation index

0,B.9,8,¢ constants

The antecedent index is one of the basic inpuits in the
five-day hydrograph forecast. From the snow depth data, esti-
mates of the equivalent water content are made, These water
eguivalents are used to estimate initial water equivalents at
1000 foot intervals.  The other basic input is the projected

basin storm precipitation at six hour intervals.

2.4 Analysis of the Sources of Error in the April-July
Forecast

We have discussed in Section 2.1 of this paper the

relationships that exist between better information and better
forecasts. For that analysis we have used a forecast range dia-

gram. We can choose one date on that diagram, say April 1, and
determine how much of the average error in the forecast made on
that date ig due to each of the possible sources of forecast
error. For the forecasting model used to predict the April
+hrough July Feather River runoff, there are four broad sources

of forecasting error. These sources of error are:

1. Misestimation of the Water Content of Snow Cover

{variable 52 in the forecast eguation)

2. Misestimation of Actuvwal Precipitation

{variable Pl in the forecast equation)

3. Misforecast of Future Precipitation

(variable P,_ in the forecast equation)

2

4. Other Sources of Error.

Theoretically, a furither subdivision of the sources of

error is possible. Two general statistical reasons exist for




a misestimation of the amount of precipitation or the water con-
tent of snow cover, errors caused by mismeasurement of actual
samples of these variables (i.e., measurement errors) and errors
caused by extrapolating from a sample to the population (i.e.,
sampling errors). PFor the third source of error listed, the
misforecast of future precipitation, the reason for such a
misforecast is obvious. Since the forecast of precipitation is
simply the historical mean precipitation over the forecast
preriod (see Section 2.3.1), the misforecast of future precipita-
tion is given by the difference between the actual precipitation
that will occur during the forecast period and the historical
mean precipitation during the forecast period. Category 4,
"other" sources of error, can be subdivided into the following
types of error:

(a) misspecification of the forecast model (e.g..,

exclusion of one or more variables that sheculd
be included in the forecast model)

{(b) misestimation of the actual unimpaired water run-

off,

To set the forecast error picture in a guantitative
berspective, the average absolute April-July forecast erroxr over the
26—year period from 1942 to 1967 was 349,000 acre-feet, The
average April - July runoff over the same period was 1,977,423
acre-feet. fThus, the average forecast error on april 1 was
17.7 percent.

To determine the contribution of each of the four major
sources'of forecast error listed above, we have perforﬁéd what
may be termed "an analysis of covariance." The actual procedure
used is simple and straightforward. The data used for the
analysis are presented in Appendix F. For the years 1942 to
1967, the error in the forecast was qalculated by subtracting

the actual runoff from the April 1 forecast of runoff, using

the forecasting equation (2.4):




where B = estimated forecast error in April to July
runoff
f = forecast of April to July runoff made (2.8)

on April 1
a = actual April to July runoff.

. . ~ -
Using a regression analysis, the estimated forecast error E is

related to the April 1 - July 31 precipitation (Pz). The results,

in summary, are:

E = 638 -4,3688P

2
(0.2540) R2 = .925 (2.9)
t = ~17.2031 g = 133,45
DF = 24

Note: Number in parentheses is the standard error of the xegres"
sion coefficient. The number directly under the standard
error is the t-value of the regression coefficient.

In Egquation 2.9, 92.5 percent of the April 1 forecast error variance

is explained by P Iin other words, 92.5 pexrcent .of the error

variance in the A;ril forecast is due *o tne currﬂnt lnablllty to
predict precipitation for the Aprll through July pEllOd. Based_on
the discussion in Section 2.1.5, it may be that better predictions
of the April through July-pxécipitation could be_dptainealby__
investigating the foiecasting value of the level of pre-Apﬁil
precipitation and snow cover. The remalnlng 7.5 percent o;

the forecast error variance is due to such errors as the :
mismeasurement of the runoff, possible omission of certain

variables .such as evaporation, as well as the 1naccuracy in the

snow water content index. It corlesponds closely to the

2-28
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"procedural® or "scheme" error as those terms are used by the
California Department of Water Resources.

Since these.results are based on what appears to be a
sufficiently large sample (26 years of data), they almost
certainly are valid for the Feather River for years that are
different from those used in the regression eguations. However,
it needs to be noted that these results do not necessarily hold
for other rivers. Only a study, river by river, can determine

iem
the general wvalidity of these results.
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3. ANALYTIC MODELS OF HYDROPOWER AND IRRIGATION
BENEFITS

3.1 Model of Theoretical Maximum Economic Benefits in
Hydropowsr in the Absence of Power Generation
Constraints®*

If we assume a one-to-~one correspondence between changes
the accuracy of information and changes in the accuracy of fore-
casts (holding frequency and timeliness of information constant),
then the calculation of economic benefits in hydropower from
changes in the accuracy of information in the absence of power
generation constraints is a relatively straightforward task.

Such a calculation involves the following steps:
1. Calculation of the height of water above sea level

at the Oroville Dam in the flood control season for
present-day suction and improved operations

2. Determination of the relationship between the water
height and electric power generation at Oroville

3. Calculation of the volume of water passing through
the Orowville generator during the flocod control
season using present-day accuracy of information
and more accurate information and

4. Determination of the cost of producing power by
hydroelectric means at Oroville and by altermative

means. Mathematically, we could write:
Eo ~ F (HO,VO) and E, = £ (H,, vl) (3.1)
= - R o 3.2
B (Pa Ph) (Bl Eo) { )

*The analytic model is presented to show the potential
benefits in the absence of flood control and hydropowexr con-
straints. This wodel only gives an upper bound to the benefit
calculations, because a realistic hydropower model has to
recognize existing constraints.

in
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where

E., = the electric power generated at Oroville¥

[
il

0 for current operations
1 for improved operations

i
!

the "adjusted average head" during the £lood
conitrol season; the average head regquires
adjustment to take into account the non-lineari-
ties in the relationship between head and power
generation

Vv. = the volume of water through the generators during
the flood control season

P = the incremental cost of alternative means of
producing electric power

Ph = the incremental cost of producing hydroelectric
power

Bl = hydropower benefit in absolute dollar terms.

Since the power generated at Thermalito will be insensi-
tive to improvements resulting from more accurate forecasts:
Thermalito is not included in these calculations. This insensi-
tivity results f£rom the fact that variations in the head at
Thermalito usually do not exceed five feet and any spilled water
bypasses the Thermalito plant. Thersfore, omitting Thermalito
will hardly affect the absolute dollar benefit from improved
forecasts, but will affect the percentage increase in benefit.

The average weekly water height during the December
through February period (weeks 48 through 8), using the OROSIM
computer simulation model to simulate current operations for the
water years 1968/69 to 1972/73 was 835.35 feet (with a standard
deviation of 9.68 feet). wWith perfect forecasts and no power

generation constraints, the average elevation can be determined

+

*Based on a letter from Robert P. Hamilton, Chief
Power Sales Section, Energy Division.

3-2




by the volume of water spilled under current operations, bhut
presumably not spilled by improved operations, and by the relation-
ship between reservolir volume and elevation. For the period 1968/69

to 1973/74, the actual average annual spill was 620,139 acre-feet.

3
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Pwo limiting cases could be used for the calculation of
potential benefits in an unconstraiused situation. One extreme
case is to assume that the improved information is used to
maintain the same elevation as before, but to increase the flow
of water through the generators (ignoring power generation
constraints). The other extreme case is to assume that the
same flow of water occurs through the generxators, but to increase
the average elevar un during the December-February period
(ignoring flood conti: 1 criteria).

However, the theoretical maximum power generation is
to increase the water elevation to the maxzimum feasible from a
physical standpoint (ignoring flood control rules) and then
maintain an outflow such that outflow equals inflow (ignoring
flood control rules and power generation constraints). In the
case of maximum feasible water elevation, the elevation would be
901 feet. :

The relationship between power generxation and water
elevation above mean sea level at Oroville is!iilﬁstfated by
Tigure 3.1. In equation form (ignoring miﬁimuﬁ.énd‘méximum
pool elevation) we have from the OROSIM program the following

relationship between average elevation and the power component V:

- “6-2
Vv = -1.256883 4+ .003443417H - 1.523806X10 H (3.3)

where

<
I}

power generated per unit of water in megawatt-
hours per acre-foot

H = average head above sea level at Oroville

The following formula is used in OROSIM to calculate
megawatt-hours generated at Oroville for each week:

?
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where

.66 r
u
8 .62 k-
b Gross Pocel Elevation
o at Oroville
Y
o +58 =
]
3 “
o, -54 1
‘H
g :
5 -50 &
':: -
1 o)
b
E 046 i
=
o
2 .42 -
]
a
. .38 3=
"
o
5
:_,] -34 —
u T Minimum pool elevation for "
g 30 C hydropower generation at Oroville
o =¥ " »
11
qi;mm! 1 1 1 ! ! 1 i
640 680 720 760 800 840 880 920 o
Water Head Elevation, £feet ({(MSL)
FPigure 3.1 Hydroelectric Power Generation
at Oroville (Hyatt Only} as a
Function of Pool Elevation
B = QV ) (3.4)
E = megawatt-hours per week
= weekly outflow in acre-feetl
V = power component calculated from Equation 3.3.
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From the historical data, the average weekly outflow
through the generators during the December through February
perxiod for the water years 1968/69 to 1273/74 was 78,197 acre-
feet. An average loss per week through spill of 47,703 acre-
feet occurred during this periecd. At an average elevation of
835,35 feet, the average weekly power generated was 43,496
megawatt-hours.

In the unconstrained maximum feasgible elevation case,
the elevation is 901 feet with a no-spill weekly outflow of
125,900 acre-feet. The weekly power generated using Eguations
3.3 and 3.4, thereforﬁ; is‘76,623 megawatt—hours.

In the unconstrained present-day elevation case, the
elevation is 855.35 feet with a no-spill weekly cutflow of
125,900 acre-feet. The weekl§ power generated, therefore, is
70,031 megawatt-hours. The hyvdropower difference between the
iess and more conservative unconstrained cases is about 9
rercent,.

The Department of Water Resources of the State of
California (DWR) in its calculations uses an average generation
‘rate for the Hyatt and Thermalito power plants of 666 kilowatt-
hours per acre-feet.¥ With an average annual maximum saving in
spill of 620,139 acre-feet, the annual increase in power is
413,012,574 kilowatt-hours. Assuming, as before, that this
additional enexgy is generated during the l3-week December
through February period, the average increase in weekly powver

during this period is 31,770,197 kilowatt-hours.

o]

In 1974, according to Pacific Gas and Electric Company
{PG&E), the major power company in the northern California area,
the average cost of coperating a steam power plant using natural
gas was 6.5 mills per kilowatt-hbur. With oil, the same steam

powel plant in 1974 had a cost of 15.8 mills pexr kilowatt-

¥Based on a leitter from Robert P. Hamilton, Chief,
PoweYy Sales Section, Energy Division.
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hour.* For hydroelectric power generation, we estimate the

cost at 1 mill per kilowatt-hour. About 65 percent of the fuel
used by PG&E in these steam plants is natural gas and about
35 percent is cil. Thus, the average cost for a steam plant in
northern California is 9.75 mills per kilowatt-hour. PG&E
does not have any gas turbine plants, which are more expensive
to operate and would be used only in peak load type situations.
However, the following points should be noted:
1. The cost of using natural gas is artificially low

by a very substantial amount because of Federal
governmant price ceilings on natural gas.

2. The world market price of oil at the end of 1974
is significantly higher than the average world
market price of oil for the entire year of 19874,

3. The price of domestically produced "old" oil, as
a consequence of Pederal government price
ceilings, is less than half the world market
price of oil.

Therefore, we have estimaited that the cost of opera~
ting steam plants at world market prices for oil and natural
gas to be substantially higher than 8.75% mills per kilowatt-
hour. The January 1975 operating cost for steam plants using
o0il at world market prices probably would have been at least
23 mills per kilowatt-~hour. The January 1975 operating cost

for steam plants using natural gas at decontrolled prices (and
with domestic o0il prices also decontrolled) probably would have

been at least 20 mills per kilowatt-hour. Therefore, we

believe that a value of at least 21 mills per kilowatt-hour

#TPhese figures were obtained from a conversation with
the assistant of Mr. Kapnelian, Manager of Power Control at
Pacific Gas and Electric. The comparable numbexrs for the
Tennessee Valley Authority, based on the TVA's 1974 Financial
Report, are 1.05 mills pexr hour for hydroelectric power and
5.708 mills per hour for steam generation. The cost of steam
generation cited above apparently does not reflect the full
impact of the 1874 yise in oil price,
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fable 3.1 Average Weeckly Power, December Through February.
in kilowatt-hours
Increase
Average Qver
Weekly Fresent
Situation Power Constrained
Constrained Present-Day Elevation 43,496,000
Unconstrainéd Present-Day Elevation 70,031,000 26,535,000
Unconstrained Maximum Elevation - 76,623,000 33,127,000
DYR Value n.a., 31,770,197

represents the average cost of operating steam plants in north-
ern California using world market price for oil and natural gas.
Thus, the value we have used for Pa - P, in Eguation 3.2 is

20.0 mills.*

h

From T&Ble 3.1 and the above cost numbers, we calcu-
late the average annual hydropower henefits of perfect forecast-
ing at Oroville to be: 88,600,000 in the unconstrained maximum
feasible elevation case and $6,900,000 in the unconstrained
present-day elevation case.

Once we consider a realistic case that includes the
variouns constraints that affect the system, much lower benefit

values axe obtained.

#This 20.0 mills per kilowatt-hour value compares
with a charge of 2.59 mills per kilowatt-hour for excess energy
gencrated by the project undexr Part III, Article 17, of the
Sales Contract. "The value of this energy to the purchasing
electric utilities is now several times the above [2.59 mills per
kwh] amount because of the recent sharp increase in the cost of
0il, the major fuel for generation of electric energy in Cali-
fornia." Quote from letter dated May 27, 1975 from Robert P.
Hamilton, Chief, Power Sales Section, Enerxgy Section, Department
of Water Resources, State of California.
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3.2 Irrigation Models

3.2.1 Soil Conservation Service Mocdel

Several models have bheen developed to determine the
economic benefits of better information with respect to
irrigation activities.* Models in the Soil Conservation Service
Handbook and the University of Michigan Report have basically
the same underlyving concepts, while the one in the Earth
Satellite Report has elements similar to those in the SCS
Handbook and the Michigan Report. The Soil Conservation Service
Handbook gives a concise descriptive presentation of a model
for estimating these benefits.** One of the assumptions of
this model, as with models in the Michigan and Barth Satellite
Reports, is that, in the absence of advance information on
seasonal water supply, the farmer will plant approximately the
same acreage and crops each year. However, with advance infor-

mation on seasonal water supply, it is assumed that the farmer

will adjust his acreage and crops to realize benefits from such

information. The procedure used is as follows:

*Snow-Surveys and Water Supply Forecasting, SCS
"National Engineering Handbook, Section 22, Soil Conservation
Service, U.S. Degpartment of Agriculture, Washington, D.C.,
April 1972.

Decision Making Under Uncertainty: Economic Evalua-
tion of Steamflow Forecasts, Gunter Shramm, Principal Investiga-
tor, The University of Michigan, Scheol of Natural Resources,
aAnn Arbor, Michigan (Final Report to the Office of Water
Resourxces Research, U. S. Department of Interior), July 1974.

Earth Resources Survey Benefit Cost Study, Appendix
2,"snov Mapping and Run-off lorecasting: Examination of
ERTS-1 Capabilities and Potential Benefits from an Operational
ERS System." Prepared by the Earth Satellite Corporation and
the Booz-2llen Applied Research Corporation for the U.S.
Department of Interior/Geological Survey, November 22, 1974.

*¥**Snow-Surveys and Water Supply Forecasting, op. cit.,
PP- 9-28 to 9-33.
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1. Determine the total irrigéted area in the region.

2. Determine the acreage irrigated completely or
partially by surface water sources. Find the
amount of this acreage that is affected by water
supply forecasts.

3. Determine (they suggest by sampling procedures)
the types of irrigation enterprises and the total
acreage of each type.

4. "Using representative sample areas of each type,
detexrmine the average size of farm, crops grown,
farming procedures, fixrxed and variable costs,
and gross and net returns to the farmers,
assuming normal or averadge water supply. This
establishes a base for comparing alternatives
in those years in which the available water
supply is considerably less or more than normal."

The Handbook illustrates points 3 and 4 of this procedure with

an example based on an SCS study using 1960 data of the Boise,

Idaho area. The results of that study for a 200-acre irrigated
farm in southern Idaho with watex rights to only 150 areas in a
normal year are shown by Figures 3.2 and 3.3.

Tor our purposes, the ratio of benefits (as measured
by net farm income) with accurate forecasts of seasonal waterx
supply to the benefits without such forecasts is an important
relationship to examine. From Figure 3.2 we obtain the

following results:
Greater than normal water supply

-4.8 + .12 X
7.6

(X > 100) {3.5)

Less than normal water supply

- -4.8 + .12 X
-53.2 + 1.124 X + .0052 X°

(75 < X < 100) (3.6)
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Source: $0il Conservation Service Handbook,
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where

r = pet farm income with perfect water supply fore- e
cast divided by net farm income without water
supply forecast

X = percent of normal water supply available.

For Figure 3.3, the following results can be obtained:
Greater than normal water supply

i=-12.4 4+ .12Xx  (X>100) (3.7)
Less than normal water suéply

2

i = 48.4 - 1,004%X - .0052X (75<%<100) (3.8)
where
i = increase in net farm income going from a no fore-
cast case to a perfect forecast use
X = percent of normal water supply available.

The S5CS procedure does not present a methodology for
analyzing imperfect forecasts. In the absence of such a
methodology, a simple rule, such as a linear relationship
hbetween the degree of forecast accuracy and forecast benefits
is perhaps the best that can be done for the imperfegt forecast

case, 1f the S8SCS8 procedure were to be used.

3.2.2 Modifications Reguired to¢ Apply SCS Results to Qur
Case S5tudy '

We now present a methodological discussion of how
these S5CS results could be applied to our case study. We
believe that the time and resources reguired to go through the
actual calculation would not be jugtified in the light of oux
conclusions on snow covex. Howevey, in Section 3.2.4, a
simplified procedure is presented as a means of.calculating

the irrigation benefits of better forecasts.
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To have Egquations 3.5 through 3.8 applicable (in
order of magnitude terms) to cur case study, the following

income adjustment measure is needed:

(California, 1974)
{Idaho, 1960)

(3.9)

where
g = the income adjustment factor and

the average net farm income per irrigated acre.
The geographlcal place and year for which this
data would be calculated is given by the
information in parentheses.

il
]

In order to obtain results roughly applicable to
California in 1974, the lefthand sides of Equations 3.5
through 3.8 would be multiplied by the income adjusthentbféctor
g. To make these results apply on a per-acre basis, the left-
hand side of these equations would be divided bv 200.

A probability density function of forecasted water
supply also would have to be determined. This function would
indicate what proportion of the terms the forecasted water
supply was X percent of the normal water supply.

To calculate Ehe weighted average net dollar benefit
par acre, the net farm income results obtained for each X
value in Equations 3.7 and 3.8 would be multiplied by the
probability of such an x value'occurﬁing. This, in effect,
means Ehat Equations 3.7 and 3.8 would be multiplied by this
probability density function- These - lesults would then have Lo
he =gzaled up by applying the number of acres lrllgated in a

normal water year.

<



3.2.3 University of Michigan Model

A stochastic linear programming model is used in the
University of Michigan Report for determining the approximate
increase in expected income from increased accuracy in fore-
casts.* The variable that is maximized in this program is
expected net farm income. A description of the mathematics
of this model and how it differs from a standard linear program
is presented on pages 106 to 121 in the Michigan Report. This
model is based on an article** and book by Day,**%* and an
article by Henderson,T and an article by Hall and Burns.++
In comparison to the Soil Conservation Service and the Earth
Satellite Corporation models, this model is far and away the
most sophisticated and advanced of the three. A mathematical
representation of the linear program developed by Day?++ and
modified by a water constraint in the Michigan Report is shown

below:

- ¥University of Michigan Report, op. cit.
**Richard H. Day, "An Approach to Production Response,"
Agricultural Eccnomic Research, XIV, No. 4 (1962), pp. 134-148,
#*%Richard H. Day, Economic Analysis: Recursive
Programming and Production Response {(Amsterdam: North Holland
Publishing Company, 1963). '
+James M. Henderson, "The Utilization of Agricultural

Land: A Theoretical and Empirical Inquiry," Review of Economics
and Statistics, XLI, No. 3 (1959} pp. 242-259,

++Warren A. Hall and Nathan Burns, "Optimum Irrigated
Practice Under Conditions of Deficient Water Supply.,"
Transactions of the American Society of Agricultural Engineering,
IV, No., 1 (1961), pp. 131-134. '

+++Economic Analysis: Recursive Programming and
Production Response, cited above.
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where:
1 {(X) = net reglonal income Yi = yield per acre of ith crop
Z, = net return per acre Ci = yariable cost per acre
i of ith crop
= f - % = total land available
2y =R -G 4
P, = price of ith ¢rop Xi = planned acreage based
3 on previous years planting
W = total water available W, = per acre water requirement
- of the ith crop

Bi = percent edjustment,
up or down

The above model was used as a starting point
ment of the stochastic linear program in the
The model examines the maximum area

acres) served by an average ditch company in

in the develop-
Michigan Report.
(i.e., 21,000

three Colorado

basins. Seven crops typically grown under irrigation in

Colorado (alfalfa, barley, dry beans, corn,

onions,; potatoes,




and sugar beets) are assumed to be the-rcrops grown by the
farms under the ditch company.

Two major cases were exXamined in the Michigan Report.
In Cas2 One, a variable surface water supply is assumed, with
ample supplies of higher cost reservoir and well water avail-
able to farmers in adverse surface supply conditions. In
Case Two, the same variable surface water stpply is assumed,
but the supplies of reservoir and well water are sharply
reduced. The economic effects of increased forecast accuracy
were tested in each of these cases.

The percentage increase in certainty for the four
forecast accuracy levels examined in the Michigan Report are
4, 11, 15, and 33 pexcent.* The expected net farm income in
Case One for different accuracy levels and different fore-
casted levels of water supply are given in Table 3.2. The
corresponding results for Case Two are presented in Table 3.3.

As can be seen from Case One and Case Two, for fore-
casts of less than average water supply, the measure of
hbenefit decreases as the certainty of forecast increases.

Th® result clearly contradicts what could be expected from
better forecasts. The apparent crucial error that this
result represents is much more likely to have been caused by
some computer programming error than to a fundamental erxror
in the theoretical model. Whatever the cause, the University
of Michigan results cannot be used as reliable estimates of
benefits. This is unfortunate, since the University of
Michigan report presents a very fine and very high guality

analysis.

*The precise definition of certainty as used in the
Michigan Report is highly techniecal and involves several long
discussions in that report.
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Table 3.2 Case One Expected Net Farm Income

{in thousands of 1959 dollars)

Percent Increase in Certainty

Water Supply Forecast 4 11 15 33
Very Low 937 830 879 796

Low 950 931 933 870
Low—Average 1,013 1,025 1,047 1,058
Average 1,095 1,127 1,143 1,173
High~Average 1,137 1,203 1,206 1,252

High 1,168 1,233 1,257 1,291
Very High 1,176 1,247 1,270 1,307
Weighted Average of

Water Supply Forecasts 1,137 1,203 1,206 1,252

Table 3.3 Case Two Bxpected Net Farm Income

{in thousands ot 1959 dollars)

Percent Increase in Certainty

Watery Supply Forecast 4 11 15 33
Very Low 629 566 555 472
Low 652 628 624 564

Low-average 738 760 796 796
Average 627 890 209 043

High-Average 901 995 1,003 1,063
High 935 1,026 1,062 1,107

Very High 845 1,042 1,074 1,127

leighted Average of
Water Supply Forecast 798 B51 B72 882
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3.2.4 Benefits to Irrigation in Our Case Study

Instead of analyzing benefits in terms of the returns
per acre of irrigated land, benefits can be analyzed in a con-
ceptually simpler way by measuring the value of an acre-£foot of
water. The free-market price of irrigation water would provide
an excellent measuring rod for determining the benefits of addi-
tional irrigation water. Unfortunately, for analytical purposes,
the price of water to different users is not determined by free
market forces, but is set by puklic or guasi-public agencies.
Therefere, instead of contractual prices for irrigated water,
free-market prices for irrigated water need to be simulated by
an analytic model,

Agricultural studies analyzing the wvalue of water £for
irrigation were conducted by Brown and McGuire in 1967. Using
demand functions fitted to two different sets of data, one from
the California study forxr districts served by the Kern County
Water Agency (KCWA), they obtained estimates of approximately
$19 per acre-foot for the first set of data and $15 per acre-
foot for the function fitted to the farm budget study. For the
Feather River area the total eguivalent unit charge per acre-
foot is $13.46, which is low in compariscon to the rest of the
state. Table 3.4 presents the marginal values of watexr in the
district of the KCWA. However, the bulk of the irrigation water
provided by the Feather River is transported via the California
Agueduct to central and southern California. Kern County appears
to be fairly representative of the counties receiving this
irrigation water.

Given the theoretically proper prices of irrigation
water as it applies to Kern County and the Feathey River Dasin,
a price of $15 per acre-foot in 1967 dollars appears to be rea-
sonable. With the implicit GDP price index rising 36.6 percent
hetween I 1967 and IV 1273, the 1974 price o©of this water, assum-
ing that it rises in step with the price index, is $20.49 per

acre~foot.
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Is there enough currently fallow but potentially
irrigable land available in the Sacramento River Basin to make
use of additional water? The answer is affirmative, as indica-
ted by Pigure 3.4, Having answered this guestion, how much
additional economically usakle water could be available for ir-
rigation? The average annual spill for the period 1968-1273 isg
620,139 acre~feet. 1f there were no spill, all of this water
theoretically could be applied for irrigation purposes. The
OROSIM model, which covers a 26 year period, has, with no im-
proved information, an average annual spill of 206,000 acre-feet.
But from the results given in Section 4.3, even with perfect
information on water inflow four weeks into the future, simu-
lated spillils of 1,902,332 acre-feet occocurred over a 26 year
period, ocor about 73,000 acre-feet per annum. It would be more
realistic to obsexve the effects of a 50 percent improvement in
semi-monthly inflow forecasts made on the lgst and 15th of each
month. These would result in a reduction in spills from 5,343,790
acre-feet to 4,474,000 acre-feet, or about 33,400 acre-feet per
annum. Using the 33,400 figure as a realistic target improve-
ment level, the irrigation wvalue of the spilled water is $684,400
PeY annum.

The other reservoirs in the State of California Water
Project have a combined capacity that is approximately two-
thirds that »f Lake Oroville. Therefore, assuming spillage
characteristics of these reservoirs are comparable to those at
Oroville, $456,300 per annum can be assigned to irrigation bene-
fits in the rest of California as a result of reduced spillage.
From the Earth Satellite Corporation Report,* the potential net
benefit for irrigation activities in California is avproxzimately
40 percent of the total for ten western states. Therefora, an
estimate of the nationwide benefit of reducing water spillage

in irrigation is £2,852,000 per annum.

*RBarth Resources Survey Benefit Cost Study, op.cit.
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Table 3.4 Pruspoetive MHargisal Valuas of Water in the
' Irrigatieonr Diptricts of KCWA undey Optinum
Allccation .
S—— - - - .
pelivered price (= marginal |
value) per acre-foot, § {196?)!
Annual . - =
pBistrict delivacy Cusy 1 cass 2
1,000 acre-feet
Belridge, W.S5.D. 206 1a.%5 $14.80
Lost Hills, W.D. 168 14.50 10.85
Roscdale—Rio
Srave W.S.Dh, 20 19.20 15.58%
Senitropic W.5.D. 127 17.70 14,05
. Kern County W.D. 3 22.50 18.85
Antelnpe Flain W.D. =9 23.00 i19.55
Wheelew Ridye-— .
Baricopa W.S.D.
Ho, 1 142 23.30 19.65
Ho. 2 29 28.75 25.20
Kern River Delta
& Others 3ans 13.00 14.35

Spurce: Brown ahd MeGuire, A Socially Cptimum ¥Fricing Policy
for a Public Water hgeney. Matey Resources Research, Vol. 2,
Ho. 1, 1967, pp. 33-42.

. 1 ¢ Agricultural
1990 i[ 1696 3
Municipal &
Industrial
"E Urban
1960 |lrrigated |
Remaining Irrigable ] 1960 §
. 2 . 2 4 6 8
T I A (T T

s

1,000,000 Acres. 1,000,000 acre-feet

Land Use Applied Water
Requiremernts
Figure 3.4 sgacramento Basin Hydroelectric Area
Statistics {Includes PFeather River)

Source: Bulletin No. 160-66,"Implementation of the

California Water Plan", March 1966, State of
California, Department of Water Resources.
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Does the seasonal tiwming of spilled water occur when
such water could be used by agriculture? Since most spills
take place in January {see Section 3.1}, saving such water
from spill would have a definite economic pavoff in irrigation.
Indicative of this is the planting season for different crops
grown in California as shown in Figure 3.5. With the excep-
tion of the crop flower period, water availability during the
planting seasor is much more valuable than water availability
at other times in the crop cycle. However, benefits that
could be realized from the availability of this additional
water depend on the ability to make reasonably accurate two-
to four-week forecasts of water inflow {see Section 4.3).

Irrigation benefits could also be obtained from
better forecasts of the April-July seasonal inflow. However,
these benefits would be limited teo a significant degree
because the initial published forecast date of February 1 is
too late to influence the pre-irrigation or planting decisions
on certain crﬁps. In Xern County, California, a major
agricultural area that receives the largest irrigation benefit
from water supplies from the Feather River, it is too late to
affect the planting decisions ol sugar beets, spring potatoces,
or barley.

Reinforcing the limited impact of seasonal forecasts
is the facgt that annual entitlements of State of Califormnia
Project waler to counties and water districits are made under
long-term contracts and are independent of annual, seasonal
or short-term water supply forecasts. In addition, we have
shown in Section 2.1.4 that increasing the accuracy of
measuring the water content of snow cover will not lead to

improved forecasts of seasonal inflow into the Feather River.
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Figur~ 3.5 Pre-irrigation, Planting and Harvesting Schedules for Selected
Crops, Kern County

Source: N. A. HacGillivray, Department of Water Resources, State of
California, Bakersfield, March 1966.




4, ANALYSIS OF RESULTS USING THE OROSIM
SIMULATION MODEL

*
4.1 Description of Original Oroville Simulation Model

The analytic model of hydropower henefits that was
described in Section 3.1 of this report 4id not contain the
important flood control, power generation, and demand constraints
that impact importantly on hydropower benefits. It would have
been exceedingly difficullt to correctly incorporate these con-
straints into the analytic model. Therefore, we have used a
simulation model of operations at Oroville (called OROSIM) that
incorporates these constraints in order to determine the bene-

fits in hydropower, undexr constrained conditions.

The OROSIM program is capable of simulating operations
at the Oroville reservoir and the power produced at the Hyatt
power plant. The model proceeds through a weekly cycle to deter-
mine optimal outflows, given actual hydrological data, physical
constraints, legal reguirements and other specified release

rules.

The model was conceived and developed by Mr. William
Cy Cook**for the purpose of investigating the efficiency of var-
ious general release rules. The optimal rule would have the
highest probability of minimizing the guantity of inflow that
would have to be spilled to accommedate federal flood control

criteria and contractual requirements. As a result of Mr. Cook's

* Parts of this section are from a draft description
written by William Cook entitled Oroville Weekly Simulation
Model.

## William Cy Cook, Associate Engineer, Water Re-
sources, P.0O. Box 388, Sacramento, California; alsc W. B. Meirke,
Assoclate Engineer, Chief of Project Operations Study Section,
Sacramento, California. Please note that OROSIM does not re-
present official State Department of Water Resources policy, nor
does it represent the policy of the involved utility companies.




*
preliminary work on OROSIM, "Rule B" was chosen as optimal and

in this form the model was given to ECON, Inc., for the Feather
River case study. The documentation that follows describes the

model as it was when received from Mr. Cook.

The hydrological data used in the model are gauged
streamflow near Ordville, Feather River Basin precipitation re-
cords, and the April through July forecasted runoff based on
snowmelt predictions. Though daily observations of streamflow
exist from water year 1902 to present, regular precipitation
observations for all recording stations are available only from
1946, The daily streamflow data for 1947 to 1972 were obtained
from the U.S. Geological Survey on magnetic tape. The daily
flows were converted into 52 weekly acre-feet sums on a water
year basis. The precipitation data were provided by the National
Weather Service office in Sacramento, and were summed into
weekly precipitation values. The eight index precipitation sta-
tions used were: 1} Oroville Ranger Station, 2} Brush Creek,

3) DeSalbla, 4) Comptonville, 5) Downieville, 6) Canyon Dam,

7) Quincy Ranger Station, and 8) Sierxraville. Thg monthly snow-
melt predictions for the winter and spring months were produced
by the Snow Survey Section of the California State Department of

Water Resources.

4.1.1 The Main Program

Prior to the start of the simulation, historical and
technical data are read into memory. This includes the number
of years the program is simulated; streamflow data, reservoir

constants, statistical hydrology data, and starting reservoir

% Rule B essentially dictates that the reserveoir is
brought down to the November lst storage level and allowed to
operate according to constraints until the end of January when
the snowmelt cvonstraint is applied. The length of the appli-
cation of the snowmelt constraint is dependent upon the April-
Julv runoff prediction. When the snowmelt constraint is re-
moved, the reservoir is allowed to follow the flood control
parameter,




storage. On the second week of each simulation year, the pre-
cipitation is read into storage for each of eight index stations.
The “"continuity" equation for the reservoir for the weekly time

increment is:

QIN + .0833 (PREC - EVAP ° PANFAC) (AREA) - QOouT = (4.1)
SORVZ2 - SORV1
where
OIN = weekly gauged inflow into QOroville Reservoir
PREC = weekly precipitation on the reservoir in
inches
EVAP = weekly evaporation in inches
AREA = average area of reservoir surface during week
QOUT = +total controlled outflow and spill from

Oroville Reservolir

SORVZ

storage at the end of weekly time period

SORV1

storage at the beginning of the weekly time
period

PANFAC= pan factor,

In an effort to simulate real-life conditions, it was
assumed that the decision on the guantity of ocutflow for the com-
ing week is made at the beginning of the week, After Subroutine
Rule computes the tentative weekly release, all the above vari-
ables are known except weekly ending storage, SORV2Z, and conse-

quently the continuity equation takes the following form:

SORV2 = QIN + .5 (PREC -~ EVAP - PANFAC) (AREA) - QOUT -
SORV), ’ {4.2)

After the end of week storage has been calculated, a check is
made to determine if the predicted outflow gives a weekly opera-
tion that is consistent with the constraints. If£f this is not
true, an adjustment is made in the outflow to bring the operation

“into conformity with the system constraints, See Figure 4.1,

4-3
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The above cycle is repeated week by week to simulate
reservoir operations over the entire water year. When the con-
tinuity equation has been solved and the decision has been made
regarding the quantity of release to be made, the power and
energy calculations are made. The power factor, which is a

function of reservoir elevation, was determined by polynomial

regression.

POWFAC = -1.256883146 + 3.443417349E~3 AVGEL -
1.523805837E~-6 AVGELZ2

(4.3)

where
POWFAC = power factor to calculate megawatt-hours per
acre-feet of release at the Hyatt Power Plant.
AVGEL = average weekly elevation of the reservoir.
4,1.2 Snowmelt Adjustments

The snowmelt predictions of the April to July runoff
made by the Snow Survey Section of the California Department of
Water Resources is used in the model in calculating the outflow
and adjusting for operating corstraints. An operating volume
(STOMAX) is checked for each weekly cycle beginning the fifth week
of every year. The number of weeks the program keys on or off
of this volume is a function of the April-July predicted inflow.
If this prediction is 4,000,000 acre-feet or greater, the pro-
gram will continue to key on the variable through the 21lst week.
The number of weeks this wrariable is effective can be adjusted
by varying the limits (PLIM) against which a check is made to
Jetermine whether there is enough potential runoff remaining in

the snow pack to constrain the reservoir.

4,.1.3 Subroutine Rule

Subroutine Rule iz the internal subroutine of the
model that computes the weekly release. Upon entry to the sub-
routine the precipitation from the inuaex stations are summed and

the weekly flood control parameter is calculated, which is:

PAR = .8078 + SUMPCP 40.32 '

SUMBAR
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where

PAR = weekly flood control parameter

]

SUMPCP sum of the precipitation at the eight index

stations

SUMBAR

i}

sum of the mean annual precipitation of the
index stations reporting. . -

a

The program then calculates the amount of reservoir
capacity that must be reserved for flccd control and also the

maximum allowalle storage, see Figure 4.2.

Essentially Subroutine Rule calculates the outflow as
a function of the week number. As an example, consider the fol-

lowing release calculation for weeks 25 through 39:

QOUT = QIN + (SORV2 ~ 2470000) / (39-3) (4.5)
where

g oo = week number that runs from 25 to 39 in this case

SORVZ2 = end of week storage

QIN = weékly inflow

2470000 = target velume for the reservoir on October I,

in acre-~feet

i

QouT weekly release,

During the remainder of the vear, when the flood control constraint

is of primary importance, the release equation is computed gen-
erally as follows:

Q_OUTj = QBAR; + CORRE; (QIN ;_q - QBARj_ ) - X (DELTA)

i- 1 _
where (4'§)
QDUTj = weekly release
_BARQj = historical weekly average =
CORRE; =,correlation coefficient for the present week

with respect to the previous week
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DELTA = the difference between the end and the begin-
ning of week storage and the maximum £lood con-
trol storage

X = a weighting factor usually .5 when DELTA is
positive and 1.0 when DELTA is negative.
The above equation 1ls somewhat modified when the tar-
get storage is greater than the beginning storage, or when the
beginning storage is greater than the allowable storage . See

Figure 4.2.

4.1.4 Functions

The three functions used by the simulation meodel con-~
cern the various geometrical relationships of reservoir elevation,
storage and area. The function ELEVOR calculates the elevation
of the reservoir for any volume furnished as a parameter. The

basic equation that is solved is:
V=B +B_Y+ B, Y +B,Y _ (4.7)

The function uses a Newton-Raphson type algorxithm to
solve for the root of the equation and returns to the calling

statement an elevation for any given reservoir volume.

Where
v . = Volume of reservoixr
Byr By, By, By = Predetermined coefficients calculated
by polynomial regression from the data
of the area - capacity curves
4 = Vertical height above a given base

elevation.
The reservoir area, function AREAOR. is ca.iculated by
solving the derivative of the above equation, given the elevation:

A

dv/dy

Y 4+ 3B Yz.

A= 82 + 2B 4

3
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T
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The function STOROR sclves (4.7) directly for the
volume when given an elevatian as an argument. These functions
then enable the simulation model td solve the continuity equa-
tion in a repetifive fashion with the greatest amount of gener-

ality and flexibility.

4.1.5 Program Option

Since precipitation data for the index stations used
in compﬁting the flood control parameter are available only
since 1947, the program has the option of reading in the end-of-
month flood control space for Oroville Reservoir. When this
option is taken, the weekly flood control parameter is computed
as a straight line function between monthly values that are
read into the program at the beginning of each year. Subroutiﬂe
NORAIN approximates the precipitation directly on the reservoir
from the mean precipitation curve of the Oroville Ranger Station.

Foxr this case study the above option was not used.

4,2 Modifications of the OROSIM Simulation Model hy
The Incorporation of Improved Forecasts

The maximum weekly outflow that can be used by the
Hyatt generators at Oroville is 228,500 acre-feet. If this
constraint were to be ignored, then power would be maximized
by having the target levél of water at Oroville follow the
flood reservation diagram. This would mean, in effect, that
the operational rule would be for weekly outflows te egual
weekly inflows during the October 15th to April lst period.
Because of the 228,500 acre-feet constraint, the average level
of water from October 15th to April lst is kept below the level
given by the flood control diagram. The most up-to-date rule
followed in the original OROSIM program is given in Section 4.1.
With that rule, the forecast of the actual inflow is given by

the following formula:

T I L) (4.8

I = T e ’ —
I It r (It"lra. t"’l

t,a




where

where

where

we can
where
If § =

If 6 =
If o =

it a = forecasted weekly inflow for week t
—T
I, . = historical average weekly inflow in week t-j
] {(j=1 oxr 0)
I = actual weekly inflow in week ©-1.
t-1l,a

The rule used Lo determine ouvtflow is given by:

5, = + B .
0, = I, ,+ £(5. B, ) (4.9)
Qt = wyeekly outflow for week =
it a = forecasted weekly inflow for week t
I
St = storage maximum for week t
Et = actual storage at beginning of week t
f(St,Et} = the adjustment in outflow as a consequence
of the relationship between beginning of
wveek storage and maximum flood control
storage.
With a perfect iorecast we can write
Qt = It,a + f(St,Et) (4.10}
It a = the actual weekly inflow.
I
Thus, for any degree of improved accuracy of forecast,
write
= +4 - I + I 4.
Qt 61 It {1 Gl) It f(st, Et) (4.11)
51 = the degree of improvement in the accuracy of the
forecast of the week's inflow.*
0, then we have the original rule Egquation 4.9

1, then we have the perfect forecast rule BEquation 4.10

.5, then we have made a 50 percent improvement in the
accuracy of the forecast. For example, if a perfect fore-
cast gave an inflow of 70,000 acre~feet and if a forecast
using Eqﬁafion 4.8 gave an estimated inflbw of 50,000 acre-
feet, the § of .5 means that the improved forecast will

give an estimated inflow of 60,000 acre-feet.




\"

Experimeﬂts were carried out to improve the term

£(s,EB) by adding a constant term, i.e. £(5,B}) + ¢ for weeks

44 to 8, but at the level examined (i.e. ¢ = 10,000 acre-feet

per week), a small reduction in both spill and power occurred.

The reasons for adding the ¢ term resulted from the observations
that (a) an adjustment for the 228,500 acre-foot constraint appears
desirable to reduce spills and (b) the bulk of the spills occurred
between weeks 48 and 8. However, in terms of hydropower genera-
tion, the reduction in spills was more than offset by the lower
average water elevation in non-spill weeks. Probhably there is
some positive level less than 10,000 acre-feet per week that

would both reduce spills and increase power generated, but the
gquantitative effects are likely to be negligible. This result,
combined with fthe analysis in Section 4.3 indicates that improving
t+he function f£(S,E) will not make much difference if the gocal is
to maximize power output. Furthermore, from an examination of

the results in Section 4.3, it is clear, for reasons explained in
that section, that improving a one-week forecast will have

much less payoff than a four-week forecast in terms of increased
hydropower. Even less hydropower payoff is obtained by improving
the daily forecast. Thus, the important conclusion is reached
that relatively limited hydropower benefit wil; occur by improving
information used in making daily or single week water inflow

forecasts.

One important improvement with present day information
can be made in the eguaticon that determines weekly outflow.
That improvement is to consider the expected weekly inflow over
several weeks and to base the weekly outflow on the expected
average weekly inflow over chose several weeks. Thus, in a low

inflow week, more would be released than under the preseni rule

* While the § parameter appears to be deterministic,
in fact, it perturbs the forecasted inflows in a stochastic
mannexr. In effect, an increased value of § reduces the “constant"
variance between the forecasted inflow and the actual inflow. Sce
Appendix J for a fuller explanation. - :
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in anticipation of a high inflow week, and conversely, less would
be released under the present rule for a high inflow week. The
effect of v¢his change would be to reduce spill and increase

hydropower.

A possible new operating rule with present-day informa-
tion ecould bhe: .

1

- - I -0
g, = . ; [It rC’{t-la
t l+ul+dz¥a3+---Tan r

{4.12)
+iﬂst,Et) .

The ¢ weights could be of the form.

OLl = rorl
Gy = G3¥y
a3 = a2r3 eto.

t
t + 1 inflow.

where ¥, = the correlation coefficient betweeh week t and week

The incorporation of the concept of more accurate fore-
casts in Equation 4.11 can be extended toc more than a single
week. The way in which this additional informatibn would be
used to determine weekly cutflow is to obtain a weilghted average
water inflow. Thé weights would be a function of the dégfee of
improvement in the forecasts of the additional weeks inflow.

The averaging concept is used for the same reason as that stated
previously, namely, to lower spilis by increasing outflow in.
low inflow weeks in ordexr to make possible a reduced outflow in

high inflow weeks.

For example, an inflow of 100,000 acre-feet in week

t and 400,000 acre-feet in week t + 1 produces, under the cur-
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rent operating rule, an outflow of 100,000 acre-feet through

the generators in week t and an outflow through the generators
in week t <+ 1 of 228,500 acre—feetf A spill in week t + 1

of 171,500 acre-feet ogcurs. The total amount of water passing
through the Hyatt generators over this two week periocd is
328,500 acre-feet. If an average of the two weeks inflow is
used to determine cutflow, then a wgekly outflow of 228,500 acre-
feet through the generator and a weekly spill of 21,500 acre-
feet weould occur. The total flow through the generators would
be 457,000 acre-~feet, which would be a significant increase

over the 328,500 acre-feet of the present~day rule. Notice in
our example that even having information on two weeks inflow
leads to some spill (43,000 acre-feet). To determine the impor-
tance and implications of this averaging concept, an examination

of the fregquency, magnitude and duration of inflows over 228,500
acre-feet is given in Section 4.3.

To incorporate more accurate weekly forecasts made
several weeks into the future, Equation 4.1l has been modified

in the following way:

8 ~
1
0 =t [& I+ (1-8) I_+ £ (8 ,5)
t §1+62_+63+64 [l Tt Tt £
. 62 i ~
* N (8 Tuay ™ (17850 Ty )
5, .
+E.I ( 63 It+2 + (l-G_B_) It+2 )
64.7 - . 5
R -8 4.1
N 5 (8, Tmt (1_54) e }]..' (8, 26,268,268 |

* For simplicity, we have ignored the term £{S,E)
which will reduce; on average, the amount of spill.




whexe Ij = actual weekly inflow in week j
fj-= equatlon 4.8 for weck t and eguals the hlsLorlcal
average inflow IJ for week |
65 = the degree of weekly improvement in the accuracy of

the forecast in week j

Q. = outflow in week t.

The properties exhibited by Equation 4.13 are well designed for
our purposes. If all the §'z equal zero, then Equation 4.13

reduces to the present-day situation represented by Eguation 4.9.*%

* In the computer program, we have added a small num-

ber € to § to insure that the tezrm 61/(61+62+63+64) = 1 when all
d's equal O.
If 61 egquals one and all the other §6's equal zero, then Equation
4.13 reduces to Equation 4.10. If all the &'s equal one (i.e.
perfect forecasts of all four weeks inflow), then we have

) 1 - . T -+ T "4 - F(S .E . {4.14)
Q=5 DI v T ¥ Tp ¥ Ty T EELE)
which is the simple average of the four weekly inflows plus the
term .25 f(st,EtL

#
concept.

‘This is exactly what we desire for the averaging

If the first three §'s equal one and the fourth § eguals

zero, then we would have

| _ R  (4.15)
LI+ T 0+ T, + £(s B, DR o

LI

Q, =

Equatlon 4.15 indicates that the averaglng concept holds cox-
rectly as we ellmlnate weeh,.from Equatlon 4.13. The interested
reader can easily test this out for other cases.

'If 8§, equalled one and all the other 8's equalled one-
half, then we would have

# It can be noted that the term £(S5,_,E f shbuld.be

reduced in "importahce with 1ﬁproved forecasts, as it is in

Equations 4,13 and 4.14,
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Q= -4 [ I+ £ (S,B) +.251 + .25 I

t t+l £+l
[a} ~
+ .25 1 + .25 1 + .25 I + .25 I 1. (4.16)

2 t+2 3 £+3

For wecrke © + 1,  + 2, and t + 3, equal weight is
given to the proxy for current forecast ability I and to perfect
forecast ability I; exactly as would be expected with 62, 63,'
and 64 all egqual te .5. But also note that the sum of the weights
(1 for It and :25 for the other I terms) equals 2.5, which when
multiplied by the outside weight of .4 gives an overall weight
of 1. This indicates that the equation is not "hiased" to pro-
duce either tooc high or too low an outflow with a partial improve-
ment in forecastiné ability. It is suggested that the interested

reader may wish to test out this assertion with other § values.

We have used the general Egquation 4.13 to test out a
number of interesting cases. The results of these tests are

given in the next section.

The equations in OROSIM use a one-~week forecast update
fregquency. How would the results of OROSIM be mcdified by a
two-oxr a three-week forecast update freguency?  Imagine a two-
veek forecast update fregquency for a two-week forecast. In the
first week of the forécast, thé benefit'would be the same as a
two-~week forecast updated weekly. In the éecond week of the
forecast, the benefit would be the same as a one-week forecast
updated weekly. Hence, a two-week forecast updated every two
~weeks has a benefit equal to the average benefit derxived from a
.6né~weék updated frequéncy for a one—wéek.foﬁecast and'for a two-
week forecast; Similarly, the benefit from a three-week fore-
cast updated everyv three weeks can be calculated from the ome-
week,update £fregquency results. In the first week, the benefit

is the same as a three~week forecast updated weekly, in the second
week it i§ the samé as a two-week forecast updated weekly and

“in the third week the benefit is the same as a one-week forecast

15
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updated each week. Thus, a three-week forecast updated every
three weeks- has the same benefit as the average of a one-week,

a two-week, and a three-week forecast, all updated each week.

4.3 Simulation Results

What has been the actual seasonal spill pattern at
Oroville in the years 1968 to 1973? An answer to this guestion
will provide important clues as to when ard how spills can be
reduced and hydropower increased. Table 4.1 pregsents the his-
torical pattern of spills as they actually occurred for the
1968-1973 period. Appendix G gives, in the form of flood con-
trol diagrams, the behavior of the level of water at the Oro-
ville Dam for each day of the year, the amount and pattern of

spill, and the behavior of the flood control parameter.

We observe from Table 4.1 that the bulk of the spills
occur between January lO0+th and February 1l0th. This is a
remarkably short time span of one month. Slightly over 75 per-
cent of the spills (in acre-~feet) took place within this short

time span. The average spill during this period was 713,762

acre-feet compared to an average spill of ©7,062 acre-feet for |

the pre-January iOth period and an average spill of 167,916
acre—~feet in the post~February 1l0th period. The average dura~
tion of spiil also was considerably larger in the Januvary 10~
February 10 period. Whereas the pré—January 10 and post-
Fébfuary'lo periods had averﬁge spill:aufatioﬁs;bfAlO dayé and
7.5 days, respectively, the averace spill duration during the

January 10 to February 10 period was 14.5 days. This duration

result has an important implication for the length of the fore-

cast period that is desirable. It indicates that even an

accurate 5-day forecast of inflow will not prevent a large vol-

ume of spill from taking place.  An accurate ledaylforecaSt of

inflow will be almost worthless in terms of preventing spills.

The same general pattern of spill concentration is

.evident using the OROSIM program. OROSIM is designed to test
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Table 4.1 [iistorical Spill Pattern at droville {in acre-foet)
Duration of Time of Year
Wate Spi Beyl. s 5p1 ) : ' . :
Yeazr Ditil eginniag ??: ;a s} Before Jan 10 to After
b Jan. 10 | Feb 10 Feb 10
1968 .1/20/69 16 ‘6l4,.288
1869 12/23/69 g 73,801
1L/12/70 22 L,553,266
3/01/70 4 10,974
3/08/70 4 3,438
1970 3/26/71 8 81,3850
1871
13872 1/18/73 9] 218,071
1973 " 11/15/73 11 120,223
1/15/74 14 469,425 .. .
3/29/74 14 575,361
Totals 194,124 | 2,855,048 | G71,6883
Note: fTotal Spill for 1963-1%73 is 3,710,835 acre-ifaet.

Table 4.2 $pills Using OROSIY Program With Present Day Forucasts
{in acre-feet)
ﬁéeks of the Year Spill
Total
Watex Years 44-50 51l-6 F=-43
1948-1952 | 127,569 223,335 350,904
1853-1957 1,315,777 113,850 l.d29,62£:
-1958-1962 448,800 448,800
1963-1964 1,313,355 232,460 1,545,815
: ;963—1972 1,558,650 1{568,630
Totals 127,569 4,197,776 1,018,445 5,343,790
4-17
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Tablo 4.3 Heeks With Inflow Greater Than 228,500 hece-rFeet
) . Calendutr Yoars .
Haeck 17947 loaw 1949 La39 1951 1952 1933 1954 L255
1 : v
2 528,200,
3. . © 307,300
4 . 271,300 o
5 305,700 i
5 280,600 260,600 229,300
7 -. 752,300 o .
: P32.3
8 R :
10 239,000
12
i 3 _
14 343,900 229,300
1is 424,300 ' '
16 282,700 375,900
17 427,000 244,600
18 430,200
19 358,§Dof
20 - 316,800
21 298,900
22 . - 272,100 |
' 23-40 SR
&1
4246
47 447,100
48 s
49 394,700
50 | 307.40¢
51 R . . 981,000
52 252,200. 621,400
¥early - : ) - C e B T Do
Totals o |281,7006| o (1,443,800 | 2,036,500 | 3,782,100 | 1,080,000 {460,800 | 1,614,100
Yearty
Totals
over ) . . . s 1 b . -
228,500 0 51,2000 © 529,800 122,800 | 1,266,600 | .7.394,500 | 117800 |-1:157, 400
 ORIGINAL PAGE 8 4-18
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Table 4.3 Weeks With Inflow CGreater Than 228,500 Acra-Peet [contiaued)

calcuéa: Yoears

Wenk 1956 1957 1953 1959 | 1l9do _l 1951 19532 1963 1954

- .

3 473,300

4 279,900

5

6 235,200 263,006 -

7 330,600 292,800

8 298,100 368,700

g 375,900 412,000

10

11 . .

12 229,700

13

14 284,000 289,400

15 236,000 344,500

16 301,500 233,300 [ -

17 261,800

18 243,800

18 233,100 270,400

20 243,400

21 233,900 ‘

22

232-40
41 478,300

4246 '

97

48

49 .

50

51 ' _ 711,000

52 " : a-ﬁ."ﬁmﬁ 21
Yearly 7 - . - . .
Totats | +L,284,400|° 375,909 ) 3,851,000( O 159,000 o 771,100} 895,200 1,573,300
Yearly
Totals - )
ovor ) e . . :
228,500 37a,400| 147,400 680,509 |.-.0 140,500 o 314,100 209,780 | 1,L2%,239

'-“J}:'_..EGI_PIG}ErgS
CRIGIN .

QF POOR

QU
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Tible .3 Wocks WLEh Inflew Graeatex Than 228,500 Atci-Feot (contlnned]
Calandar Years
Aunkly
: Totals
HWeenty Quver
Neok 1966 | 1966 1967 " 1968 1969 1970 b NN 1972 | Tatals 223,500
1 164,600 164,550 114,100
z 86,100 224,300 367,300
3 . 351,1001 700,600 1,832,290 918,200
3 230,500 258,800 788,300 | 1,015,500 2,843,400 | 1,372,400
5 437,600 237,800 281,900 1,263,901 349,000
6 o ' 1,384,390} 242,400
7 219,100 " " 1,115,000 201,000
8 340,500 ) 1,607,300 | 321,800
g 787,%00} - 330,900
10 - 239,003 10,500
il R "o
12 292,500 529,300 72,200
13 193,200 393,200 | 164,700
14 281,700 2,408,300 266,230
15 1,904,200 218,300
15 264,400 - 3,330,330 | 557,850
17 263,000 248,500 1,444,900 301,400
18 - . 674,000 217,000
19 280,700 1,142,200 228,200
20 240,200 262,600 1,053,050 149,000
21 340,400 873,390 ra,700
22 272,100 | . 43,600
23-40 el o
41 478,390 249,800
2236 "ol a
47 447,100 218,600
a8 ' SN
49 ’ . 199,700 170,200
so %, 367,493 78,909
51 * 264,800 1,986,300 | 1,308,300
52 : e ‘1,721,390 | 1,038,030
Jourly o - R . : : ‘
Totals 1,424,100 { 0 1,576,590 | 390,500 | 2,952,600| 1,999,100 | 393,200 o 27,319,100
- 1. Yearly N
Tatals: ) _ PR
Ovir . - ] . S
.228,500 201,600 1] 434,000 { 112,000 895, 100 1,313,600 | 164,700 n af?ZJ.EOD




out and incorporate»improvements in oberational rules, so that
average spills with the OROSIM program will be lower thaulthe
historical average. From Table 4.2, we obsexrve that about 75
percent of the spill occurs between week Sl'offthe‘caléndar L

vear and week six of the nexi: calendar year.

. The explaration.: for this temporal pattern of splll lS
given by the temporal pattern of the historical weekly 1nflow h
of water into the Orov111e ReserVOLr. Since current short-
term fo;ccasts of water inflow ehtend over only a 5 day period,
SPlllS will tend to oceur.in weeks with an inflow dreatex than

228,500 acre-feet. . Table 4.3 recor&s those: weeks from 19&8 to

.1972 when inflows have been greater than 228,400 acre- ~-feet. The

next to last column glves the total 1n£low in weeks wlth 1n£lows

greabel than 28,500 acre—feet,.'These 1n£lowsAare at aipeakA

dur.ng the January period. More relevant, however, is an exam- '

‘ination of the inflow in excess of 228,500 acre—fggt_given>ip
the last column of Table 4.3. 'The.éxcess:infléws show a"moré'
.pfouounced temporal pattefn, with ﬁanuary being the'péak exceés
inflow month. Also useful is to look across each column of
 this Table to examine the consecutive number of.weeks'of excess
: 1n£low.:_Several consecutive weehs of ehcess 1nflow sharply ;n—
 crea5es the need for forecasted perlods oi more ‘than one weeh. |
' Table 4.4 shows the frequency distribution of consecutive weeks;

-Joimehcess inflow. . -

T . g *
Table 4.4 . Distribution of Consecutive Excess Inflows
~(i.e. Inflows Greater than 228,500 acre-feet) -

.Weeks. of Inflow’

S Y DS T - T [ SO - S
Number of Ocdurrences 21 7 3 -4 1 2

.

*For example, the number 7 under the 2 weeks of inflow
column means that on 7 separate occasions there were
two consecutive weeks of excess inflow.




Table 4.4 shows Lhat the. cccocurrence of consecutive

excess inflows is not a rare phenomenon- Slxteen occurences

out of thirty-seven involved consecutive excess inflows,
0of which were of relatively. long duration. On four occasions

there were Ffour consecutive weeks of excess inflow and on two

occa51ons Lhere were flve Weeks of excess 1n£low. The facL

that on 51x occas;cns four or more excess 1nflows occurred

means that even a perfect monthly £orecast of watex 1nflow

w111 not prevent ‘some splllage._ Table 4.5 presents the re-

sulLs of “having perfﬂct forecasts of lnflow £0r four consec—:

lr 6__21'_._6_3r

Lhe OROSIM Model all equal to. one)

~utive Weeks (1 e., 6

and G in equatlon 4 13 of

Even with perfect four—week lnflow forecasts,

1,902,332 acre-feet: of’ watEL are spllled. ThlS Laplesents &

- reduction of about 65 pexrcent in splll from the current :;.n-~ A

formation case shown in Table 4.2.

Some

Tablc 4.5 8pills Using OROSIM Plogram Wlth Perfect Foul—Wnek

Inflow Forecasts (1n acre~Feet)

| Wéfcr Weeks of the Year ‘ Spiil
Years ‘44-50 | s1-6 | 7-43 Fotal
1948-1952 93,225 . - 93,225
1953-1057 | = | 445,300 | - 445,500
;1958 962 | T _ '"—~”‘ 5 :5”113;850' 113,850.
11963- 196?:' f? . 481;6é2 :':'T;;;ﬂEi... 481{535‘? 
1968-1972 | {c_ 768,075 — ﬁsa;cvs‘
”mbcal B  f’5 93,2é5:_1,5551257 5'  113,850c7”. i,coz;ééém”
.
422
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 'm?able 4.6 Summary of Hydxopoﬁer Resulits fox Nine Cases

el T
Examined with the OROSIM Model .

case

MNumber .

',Casg1 

Spill(in AT)

Total

 Hydropowex -

(L MWH)

Increase in
Hydropowax

{in MWH) .

Annual Dollar
Benefit at
Oroville

S

. No Improved
. Forecasts

~Pexfect Forecast,

One Week Period ’

' 50% Forecast - )
- Improvement; Two
Week Period’

‘ﬁPerféctvForecast,
"ist: Week: 50%

Improvement,

-2nd: VWeek

~50%f?orec35t
Improvement: .
. Three Week Period

,Peifect‘?otécast
“Myo:Week Period -

i50§7For3cast _
~.Improvement Four
© Week Period

_%éifecthorécasts3
. Three Week Period.

iPerfébéLEofécast :
- Four Week Period -

.

5,343,790
5;312,484

4,474,004

4,760,839

3,375,765
3,748,178 -
2,620,907

2,685,325

1,902,332

59,841,000
59,921,000

60,223,000

'60,159,000

. 50,566,000

60,594,000

60,665,000

60,868,000

50,988,000

80,000,

/382,000
318,000
725,000
753,000
' 824,000

1,027,000

1,147,000

$ 62,000

$294,000
$245,000

$558,000

$579,000
$634,000
$7290,000

'$882,000

. . * “An additional sixteen cases were ren.
.-and /75 perxcent accuragy improvement level were run.

Four cases each at =z 25,33.3,6€6.7,

.....




Except for case 4, the results presented in Table 4.6
behave in the theoretically expected way, i.e., the greater the
improvemeht in the accuracy of forecasts;‘the greater the hydro-
power benefit. With improved forecasts, spill is reduced and
hydroelectric powex generation is increased. The. reason case 4
givés an anomaloﬁs result is th&t the current and new iaforma-

tion operating rules in OROSIM are not optimum but are only
*
close to optlmum.

4.4 Poliecy Change Effects: Additional Hydropower £rom
leferent Management Pollc1es

4.4.1 Parametriec Change of Flood Control Reservation at
Oroville

'fhé.fiood control reservation (FCR) at Oroville is
held to a ldrge value depending on daily ground wetness index
‘(DWGI).invthe months Octobexr through Marech. For instance, if
the value 6f this inde# is maximal (DWGI 2 1i.0), the FCR level
is 750,000 acre-feet. "This is because October throﬁgh March is
the rainy season and;iarge stormé can be expected then.
{Beginning‘April 1, the FCR can safely be reduced plogr955lvely

* %
. to zero in May,and the Oroville Flood Control Dlagram shows

such reduction along a sloplng llne on the chart with a daily

rate of about 10 000 acre-feet.

 '591115 occur" aLLeL Aprll 1 in some years ' (e g.,‘1074)

whenever the stomage—level in the reservoir exceeds the appro-

probably are an lmprovement over current and new information
opexatlng rules now in the OROSTIM pProgram.. . But because of the.
228,500 acre—foot consLLa¢nt and the pattern and. varlablllty of.
‘weekly 1nflaws, 1mplement1ng these suggested operating rules: will
Probably only result in a marginal guantitative improvement in
._splll and power generxation. Qualltatlvely, however, anomalles_

~ such as. case 4 should be eliminated w;th the suggested operatlng
rules. '

*fseevﬁppendix G of this .xrepoxrt..

* In SECtan ;.2, operatlng Lules were suggested that'
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priate 1lne on the chart dependlng on ground wetness. If im-
proved information on snowmelt were available from LANDSAT
imagery, the daily rate of reduction of FCR could be increased
and thus the spills could be reduced without added, risk. The
Oroville Flood Control Diagram would correspondlngly he changed
to increase the slope of the lines from Aprll 1 forward. In 1974
for instance, the spill reduction might have been 500,000 AF,

but in other years it would have been zero since no spills

ocaurled after Aprll L.

If the hypothetlcal Splll ‘reduction of 500 Q00 AF for
1974 vere all applled to hydroelectrlc powel generatlon, it could
have two possible effects:

¢  either the efficiency of the hydfoelectric power
‘generation at. Orovmlle would have . been 1“creased by the hlgher

water elevation (e.g., &n increase from 760 ft. to 800 ft. aver—
age elevation cauees an increase from 0.48 to 0.53 megawatts per
acre-foot) if'geheretors_were running: at full capacity in April,

- May, anq June (228,500 acre-feet per week) foxr 1974,

.o or the amount of hydroelectric power oufgut_would_.
have been directly increased if the geﬁerators.were not running
at full capacmty dullng Aprll, May, ahd June 1974..

-Table 4.7 shows the excess of OLOVllle weekly lnflows 
over the rated capacity of the Hyatt generator for the yvears

547 - 1972._ If the dam had exlsted throughout ths perlod 1n-.
'stead of from 1968 onwards, Lhese acre- ~-feet - could have bzen
used, partially or in Lotallty, to increase hydroelectrlc
pOWer eff1c1ency follow1ng the recommended change in . flood
control reservation procedures.iol Apxril through June.' The
:eave*age year,.ln ths 26 yeax, perlod OffElS an excess 6643 _
'acre feef per week dullng Lhe 1z sprlnq veels. Tlanslatlng’
thls 1nto addltlonal hydropower at an average rate of 0.50

”MWH per acre- £00L Lwelve weeks “in nplll May,.and June would

*Assumlng a daﬂly Leduczlon of FCR by 20 000 AF,
**Colrespnnalng to water elevation in 0rcv1lle of
T 786G Feet: actually hlgher values may ea sily - be reached.

o 4-25
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Wable 4.7 Excess of Inflow at Oraville Over Generation

‘Capacity* for April; May, and June; 1947-1972

1947

1954 1956} 1958

1947-1872 Tetal

Tatal . .

209,700 | 67,800

’

1852 | 1253 1363 - | 1965 | 1967 | 1969
April o
_i-? 115,&90- 1,300 ‘$5,000 | 40,000 ‘53,200 255.500_ 
8-14 195,800 - '  '7.506  115,00§ _ ' 319,300
15-21  |53,200 | 147,400 . ‘73,000 | 52,800 | 41,500} _ 367,900
22-28 | : 1199,500':-15.100 33,300 26,300 20,000 204,200
20-5 1 201,700 | 15,300 217,000
tay ‘f ) . B
7-13 129,560_" '4,600| 41,200 52,200 228,200
14-20 ‘. 83,300 ] 14,900 ~21,700| 34,200 | ° .149,000
21-27 -} 70,400 5,400 ui,700| | 187,500
28-4 43,600 o 43,600
&unc
S5l ‘
12-18
19225
26-2 .
3. Month : 1 . ) R ‘ . : ) R . g
53,200 |1,190,00- | 16,00{ 1,300 4,600]246,300 123,400 (159,500 | 2,072,500

*The maximum weekly -outflew that can he uwsed by cthe
" Hyatt Generatdrs at Oroville is 228,500 acre-fect.
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allow 39 856 MWH of additional power pxoduct:on which has a
marglnal value or net benefit (following ChapLer 3 for valm'
uation) of $797,120.00 in 1975 dollars. ,

_ -The henefits quoted above are derlved from an ad hocA
change in the f£lood control charts based on the assumptlon that
lmproved information on the snowmelt contllbutlon would allow
such changes with no lncreaSE in the risk o£ flooding. The. .

entire spillage reduction which lad to economic benefits was

limited to the months April, May, and June because that. is the

timespan within which improved 1n£ormaL10n due to ERS~ dellved
snovmapping is expected. In order to examine the full extent
of the potential for imcreased hydropower through changes 'in -
management poliey, the next two sections (4.4.2 and 4.4.3)
con51d51 more drastic departures from the exzstlng management
policies. Section 4.4.2 studies the simulated effects of a

50 . percent reduction in Flood Control Reservation at Oroville
(1947-~1972) through OROSIM. Section 4.4.3 compares the OROSIM

results from managlng Oroville W1th 1mploved runoff forccasts

"w1th the results of a UnlveL51Ly of California stady whlch

presented the oPtlmal hydropower prcductlon for 0rov1lle.

4.4.2 Resulits of OROSIM Slmulatlon Bxercise with Reduced

Flood Contlol ReservaLlon Space

In using OROSIM, one must be aware that the calcu-
lated amount 6f water spilled is derived f£rom ihe Oroville =

FPLood Control Diagram prepared hy the Army CoOxps of Engineers.

‘The use of these flood control regulatlcns with altered stolage

levels An view of the 1mproved forecastlng, but with equal 11shv7

of flooding, would be loglcal.' Legally the use of the ex1st1ng

cpolicy unaltered.is infforce,-but*this'secﬁion will ignore-the B
legaL,coneralnL and assume a change in the flood conLrol re-

;_servatlon space.

#§illiam A. Ingram, "A Risk Model Analysis for the

‘State Water Project," QOperations Reseaxch Center,. Un1versmty offgﬁ”,.

california, BerLLley, Maxch l974, ORC74-10.
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To derlve Lhe correspondlng changc in flood control
reselvaLlon for a partlcular 1mprovement in forecast capablllty.

1s*beyond the scope of this study. We have taken an ad hoc

" position and considered a 50 percent reduction in the f£lood con--

trol reservation at all itimes. For example, when the Daily
Ground Wetness Jndex is 7.0 during the months October though
Malch, the flood contlol reservation is ‘562,500 ac;eufeet,'whlch
corresponds to a level of 2,975,000 acre-feet of reservoir stor-
age for the same gonditions.- We arbitrarily reduced the flood v
control reservation by 50 percent to 281,250, brinéing thevstor;

age level up to 3,256, 250. Thls would have resulted in a spll~

'lage reduction of - 73, 901 acre-feet in - December,; 1969, and Janualy

1970,and that much more water through the generators.
The results o£ the OROSIM simulation runs w1th 50 per-
eent less flood control reselvatlon for three dlfferent levels

of 1mplovement of four-weelk forecasts are shown in Table 4.8

‘and graphlcally aeplcted in Plgure 4. ._.U51ng no forecastlng,
'1mprovement therxe is a potential net benefit of $712,300 annually
from additional on-peak powver. When the foul—week forecast :

is improved to peffect aceuracy, this malglnal value of extra

hydro-power dxops to $349,200. This is partly because the im-

proved information has alregdy achieved a 4.23 Dercent increase

in on-peak power generation and a 64 percent reductlon in sp11~

lage before the ney management pollcy effect 1s hroughL 1nto

»coneldelatlon. The remamnlng paxt of this efeect is ‘due to the

isomewhat arbitrary rules 1n-0ROSIM for allocatlng ploductlon to

on-~peak and off peak POwWex (see Sectlon 3). -NOte:that the‘total -

- annual power production does not drop with lmproved 1n£ormatlon.
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Wote: PercenL values are “1ncmeases in forecast aCcuracy

They can. be deflned as:

ISth'Dev.-of Current FPorecast ELLOL ' Std. Dev. of'Im--

100 X proved Porecast Error)

value of Hydropower at $0.02 Per XwH in Millions offlﬂ?ﬁ Dollaxs

‘of Policy Chaﬁges .

Std.gDevf of Current rorecast Brror

Note: Four-week forecast range was used for improvements.




‘Results of OROSIM with

“Table 4.8 50% Less Flood Contrdi Reser&ation
Percentage Improvement Towards Periect d-Week Forecast
' 01 50% ' 100%
Annual : (15 .
Spill 205,352 AF 100,800 73,1G6
On-Peak - '(2) e
N o Power 1,957,500 MWQE 2,047,900 2,040,310
Existing Pry : :
off-bpeak (3}
Power . 344,000 MWH . 285;350 305,3B0
Total ' -
Power 2,30},500 2,333,250 2,345,690
_Annual : o o L
Spill - 140,040 31,737 - 20,230
On-Peak
) Power 1,993,115 2,068,350 2,057,770
50% Less . FCR '
Of£-Peak : :
~ Power 374,650 320,920 332,690
Total
Powar 2,367,765 2,389,270 2,390,460
Annual _ .
Spill -65,512 -69,663 ~-52,936
Al
hegﬁghiggg on-Peak .| . : o . .
Reductior Power 35,615 20,450 17,460
OfE-Peak , 66,265 56,020 47,770
Power 30,650 35,870 27,310
1975 value of Addi- . (43 .
ticnal On-Peak Power 5712,;300.00 409,000.00 349,200.00

Footnotess

(1)
{2}

BNEEN

r4)

in megawatt-hours

{1mn)

“'in megdwatt” hDufb {1 -

Oon- peak powex denerated annually - averaga over 286 years -

bollar values per- year obLa;ned from $00. 07/h1H Eor addi-

tional on-peak power following discussion in Chaptcr 3.

ALY spillk'and spill reductiens are meaéured'in acre-feet (AF)

off-pcak power qenerated annually -_average over 26 years_;

————




4.4.3 Comparison of OROSIM Results with Optimized Hydropower
Genegration for Oroville

The UniVersity'of3Califdrnia, Berkeley, study by
William A. Ingram, mentioned abo#e, considered the problem of
maximizing the expected power production at Oroville while cper-
ating at a specified “riskh leﬁel, in relation to commitments
" for firm power. The results of the optimization summarized in
Table 4.9, quoted Trom thiS'IEPOrt,ashcw Oroville orn-peak power'

(MWH) generation,by”month-

The_cher obtained from this operation averaged 404.3

megawatits on-peak. By contrast, the installed combined Thermalito

Tahle 4.9 OQroville On-Peak Generation
Month - Mean ‘standard
: MWH Daviation
MWH
Jan. 323.3 227.9
Fab. _ £10.3 : - 212.5
Mar. - 356.6 239.9
Apr. 387.2 : 240.9
May 399.0 1leq0.9
June 354.6 155.9
July | 4l2.0 © 159.3
Aug. 415.5 165.4
Sep. 413.2 216.0
Qct. - 502.7 o 147.2
Nov. 485.1 154 .6
" pec. ©361.0 203.0
Source: University of California%®

_ *William A. Ingram, "A Risk Model Analysis for the
State Water Project," Operations Research Center, University
_of;Califprnia¢_Berkelgy,:Ma;ch-1974, ORC 74-10., s




and Hyatt power capaclty is 7o9 35 mcgawatts. The average annual

" generation for Oroville for the year 1972 was 2, 858 000 MWH.

If. the assumption is made . that this" generatlon requmred 8760
hours (i.e., 24 hours per.day),vthe.average pow:r generatior

rating at Oxoville was 326.3 MW. In actual fact, the true

:averége was certainly higher, because the Thermalito and HByatt

generators were not run 24 hours a day. To avoid exaggeration
of potential benefits from bptimizé&‘powergprdduction,’we;will
compare only the estimated on-peak power production in the fol~
lowing paragraphs. Furthermore, we will take the best, i.e., .
highéét} OROSINM powef output baéed on existing reservoir managye-—

ment policies.

The OROSIM simulation model, using perfect four-week
forecasts of inflow to Oroville, shows an average annual power
production of 2,040,308 MWH, on-peak, and an additional 305,385
MWH off-peak. At average power rating of 326.3 MW and using 365
days for the year's length, the implied daily average on-peak
generation is 17.133 hours. Using the optimized power rating
404.3 MW on-peak, and running the generators for 17.133 hours
pexr day, 365 days, one obtains an average annual power produc-
tion of 2,528,308 MWH, which exceeds the OROSIM value by 488,000
MWH. The marginal wvalue of this addltlonal hydropower is
$9,760,000.00 = annually. |

These potzantial benefiits of nearly $10 million annually
are based on considerations of power generating efficiency. The
increased efficiency is obtained by using the month-to-month pre-

dictive correlations betwecen streamflows to optimize the plan-

'hingtof’hydrbpdwér.génerationf' Thé result shows that, even with

*Federal Power Commission,“Hydroelectric Power Resources

~of Lhe United States: . Developed and Undeveloped)‘Jan. 1, 1972.

"'**Valued at 20 00 mills pey- KWH as in Chapter 3.
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perfect four-week forecasting, the existing management policies

cannot capture all of the advantages which are found in improved
streamflow information; in  fact, they do not take advantage of

the historical streamflow record either. This implies a dif-

 ficulty for any attempt to estimate benefits from improved run—

off forecasts based on existing management policies, as noted

‘elsewhere in this report.. Nevertheless, it would be possible

to capture'a”éignificant fraction of the $10 million in benefits
if improved informaticn on streamflows at Oroville were effi-
ciently utilized in planning power production over the year.

Farthermore, this is a conservative estimate of potential bene-

. fits since it is based on a comparison with the simulated on-

peak power production which would be possible using existing

power planning management.

#Po the extent that OROSIM faithfully reflects these




5. COWCLUSIONS

5.1 - The Basic Conclusions in Summary .

This study has. examined the benefits of improved run-
off forecasts for Oroville with two points of view regarding
usage of this information: '

{1) The existing management policies for the re-

: servoir remain in force, and_the imprqved

information on the water supply is used to
obtain more water for hydropower and irriga-
tion and greater efficiency in ‘the use oF
the water.

{2} ‘he management policies are changed in line

| with the concept that improved informatiOn-
on the water supply can be used to selec-
tively raise the storage level in the reser-

voir without increasing the risk of flooding.

With reference to {(l), the annual net benefit from increased hydro-

power at Oroville is $633,847: assumirg a 50 percent improvement

in the acecuracy of forecasting weekly inflows with a four-
week forecast range. In relation to {2)}; the benefits from
improved accuracy of forecasts are unknown. Howevexr, the
optimization of the month-to-menth planning of power production
promises some fraction of $9,760,000 annualiy, if iegal con-
straints to policy change are removed. It is not possible with-
in the present case study to relate this fraction to the im-
provement of information on water supply. In either case
additional benefits from improved irrigation are possible and,
for case (1), are guantified in'3.2; fﬁese:are 1eés likeiy'to
be related to improvements in the April +to June seasonal flow

forecast accuracies, however.




5.2 The Conclu51ons Wlthout Policy Change

A 50% 1mplovement in accuracy (1 e., error reduction)
for the four-week forecast of weekly inflows generates. net
annual benefits from incfeaSed“hydrOpower of $633,847, expressed
in 1975 dollars. This figure is based on a marginal value of
$0.020 for each additional XWH of hydropower. The 0rov1lle
povwer plants {excluding Thermallto) have an average power gen—
eration of 2,858,000 kilowatt-hours per year, As determined by
Appendix H, the. other hydroelectrlc plants with a generatlng
capacity above 200,000 kilowatts that have a potentlal for
slgnlflcantly benefiting from improved runoff forecasts have
an average power generatlon of 27,754,000 kilowatt-hours per
year. In addition, there are plants with a hydroelectric
capacity between 100,000 and 200,000 kilowatts not covered in
Appendix H whose average hydropower generation is 14,666,000
kilowatt-*ours per year. Therefore, to obtain an estimate of
a nationwide hydropower benefit from better inflow forecasts,
bearing in mind that conditions among river basins can vary
greatly, the Oroville results are scaled up by theAfabtor 15.84
i.e., (2,858 + 27,754 + 14,666)/2,858. This rough order of
magnitude calcula;ion, which is subject to highly restrictive

caveats, yvields a nationwide annual benefit of $10,040,134. . 3

For irrigation, the annual benefit at Oroville from
a 50 per cent improvement in -a two-week water inflow forgcgst
is $684,400 and the annual rough order of magnitudé nationwide
benefit, again subject to highly restrictive caveats, is '
$2,852,000 (see Section 3.2.4). Howeﬁer, better measurements
of snow cover in the Feather River Basin may not lead to sub-

stantial improvements in shori-term. inflow forecasts.

Figures 5.1 and 5.2 show, xrespectively, the dollar

amount of benefit in hydropower and irrigation at Oroville from
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more accﬁrate water inflow foxecasts:hedeefo; diffeteptviengths
of tlhe foxecast perlod -The-pointsvshown:eﬁ'these figures ere
results obtalned from the OROSIM program. The behefits indi-
cated by the OROSIM. program for one-week fdfecests et’the 100;
75, and 50 percentvimprovementvlevels are not shown in Figures
5.1 and 5.2 because those results show 1mplaus;bly low values_
ConeequenLly, we have estlmated the one week benef;ts ln Lhese
cdses by a linear interpolation between the origin and the two

week results.

The results given in Figures 5.1 and 5.2 are for fore-
casts made just before. the beglnnlng of the forecasted perlod.
If there is a one-week delay in making a forecast, then the
curves shown on these figures are shifted one week to the
right (see Section 2.1.4), and the benefiﬁ results that had
applied to an n-week forecast now apply to an n+l-week fore-
cast., Similarly, if there is a two week delay, then these curves
are shifted two weeks to the right, and the n-week forecast

results now apply to an n+2-week forecast result.

The possibility of achieving the various percentege
improvement levels in forecasting from /- proved snowmapping at
Oroville is subject to doubt, because it is not clear how much
of the inaccuracy of the forecast is due to.inaccuracy of the
sSnow measurements, and how much is due to uncertainty regarding
future precipitation. Our own statistical investigeﬁianefA
errors* in the April 1 forecast revealed that, apparently, most

of the forecast error can be explained by uncertainty regaxding

future precipitation (April-July).

An April 14, 1875 progress repolt entitled “InLerple-,

Latlon of Snow Cover From Satellite Imagery for Use in Water

*Section 2.4.

PR % WVM




Supply Porecasts in thc Slerra Nevadaﬁ by Slerra Hydrotcch,”

'Placelvllle; Callfornla 1nd1cated LhaL Lhere is an error range

for thé Feather River lnflow to 0rov111e of 380, OOO acre-feet
on June.l_(where Lhe range is the sum of both 9051t1ve and
negative errors) at Lhe 80 percenL con£1dence level. If all

or most of this error could be ascribed to inaccuracy in the

‘measurement of the water content of snow cover, then, under

certain conditions, considerably more potential benefits than

.presented in this section might be obtained.

Appendix H presents considerable informatibn on those
reservolr systems LhaL could potentlally beneflt fLom remote
senslng in the areas of hydropower and 1rrlgatlon, prcv1ded
that the information conditions are favorable:to.these'sygtems.'
Technical data which appear to be particularly relevant to
potential economic benefits obtainable from better information,
such as the degree of variability in streamflow, the relationship
between streamflow variability and reservoir'capadity, the
installed amount of hydropower capacity, etc., are given in this

appendix.

Since the Western U.S. river basins have widely dif-
fering characteristics, it would be unwise to make categorical
natibnwide generalizationsiof the results obtaisied For the
Feather River. Other studies are needed which focus on the
information conditions for othexr rivex basins before valid

generalizations can be made.

- 5.3 -The ConcluSLOns with Policy Change

It is dlfflcult to derive the benefits of new 1n£or~
mation from a system which is not directly responsive to changes
in the quality of information. The improved information nust
be rationally émployed in the system for benefits to be generated
at all. Taking. full advantage of the 1mprovcment :quires

optimizing the management of the system. Studles such as the
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one by William A. Ingram show that much additional hydropower

'éan'be”obtained from an optimized management poliry at Oro-

ville. The. total'supply of water'is not increased, but the

efflclency of u51ng Lhe water to produce economlc goods (elec-

tr1c1ty) 15 1nc1eased by the pollcy change.”'

In this case study of Oroville, it has not been pos-

' $1ble to relate Ffully the 1mplovement of fOLecasts,'much 1essm

the 1mp;ovement of snowmapplng using satellites; to the 1nc1eased

-hydropowex. Nevertheless Lhe concepts aLe clear enough;

1) Better information on the ekpected inflows eiloﬁs.
‘the manager to increase Lhe static head, i.e.,
‘. storage ie#el in the Oroville dam, selectively
. through time, withouﬁ'increasing the risk of
floodlng.v This iﬁcreased head in turn allows
‘more efficient power genexatlon.
2) Oon the other hand, the manager may, at other times:
~‘draw down the regervoir farther ‘in anhlclpatlon of -
large 1n£lows, and put water through the genera-
Lors which would have had to be spllled
Our rough older of magnitude calculatlon suggests ‘that total
potentlal gains from optlmlzed management are about $10,000,000

& %
annually. ds detailed in Sectlon 4.4.3. But since Optllelng
the manaqement of a system depends Clltlcally on information

about flows Lhrough_the sysLem,llt appears reasonable.to_sug-

‘gest that improved fuhoff‘foxecastlng, ‘month by month, will

contrlbute to the 1mprovement of. management poliey, and that

.some flactlon,_whlch is plesently not known, of the $10 000 000

' annua] galns would be obLaJned as, neL beneflts.” These bcnerlts

pertain spec1f1cally to Orovelle.m- If they axe scaled to the

'~ent1re 1nstalled hydxoelectllc capac1Ly of the Unlted States,'the

relevant flgure for potenLlal annual economic galn= irom lncreased_

'hydropower would he on Lhe omder of 4150 000,000, Of couxse, only

a fracLlon of “this amount . could be attrlbuted dlrectly Lo the

1mproved rnnoff forecastlng 'ff”' IR

:,*Op. c1t.; Sectlon 4. 4 3.0 S i o R
**Marglnal value aL 50 020 per Lwn, 1975 dollars.




' APPENDIX A. PLOOD CONTROL CRITBRIA BASED ON THE ACCURACY,
: FREQUENCY AND TIMELINESS OF FORECASTS

A.1 ~ Statistical Model to Deterxrmine Propex Flood
Reservation Space. .

The amount of empty space theodretically -required in

a 1eserv0lr to prevent floods (called the flood reservatlon_

space) depends on a number of varlables Some of these
variables are: (1) the degree of confidence that one des;res
ih“pre#éotihgra flood, (2) the accuracy of a forecast

{3) the frequency. of a forecast, and (4) the tlmellness cf
a forecast. The degree of confidence, or its rec1procal,_the
ﬁrobcbllity of having a.flcod, is discuésed in Section'A;2.on"
the refinements of the statistical model developed in this
appendix. From afstatisrical_Standpoint, using a vexy con-—
servative approach -what should be the flood;reservat;on
vspace given the followlng Parameters7: ‘ _
‘l) The maximum permltted release rate per day
that prevents downstream flooding o
‘(parameter "am) ' L : .
2} The recorded maxlmum sustulned unlmpalrea : 
‘_1nflow ratc per day (parametexr “b") |
3) - The" forecast erxor in- the quantlty of water-f
_ runoff at the v pexcent level (parameter:ﬁd“)'
4)_'The recorded max1mum fractlon of Lorecast .
water runoff that has runoff over a short

"perlod of time (parameter “f")

A | The maximum p0551ble bulldup rate per day (c)'iS”
bgiven by‘subtractlng the maxlmum permltted release rate per
day (a) £xrom the recorded- maxlmum sustalned unlmpalred lnflow

rate pex d=y (h}, i.ef,'

c=bo~a ; ST L (n.1)




“The unadjusted critical number of days of 1nflow
(e) ls given by dlv;dlng the £orecast error (d) by the ma\lmum

"sustained inflow rate per day (b), i.e.,
e = 5 . (p.2)

Inflow xates less than (b), of course, are easier. to handle

‘and would give a larger number of days of inflow. -

The adjusted number of days of inflow (g) is given
by multlplylng the unadjusted critical number of days of ¢

inflow by the water runoff fraction (£), il.e.;

Therefbre, the f£lood reservatioh safety requiremeht
(h) wvndex this procedure is the product of the adjusted number
of days of inflow (g) and the maximum bulldup rate per day-
(c), i.e., ' '

In terms of our original parameters, the f£lood reservation

" safety requirement. is

h = Sf(b-a) ' (2.5)
o b _ _ .
HoWeﬁax, since recorded histqrical data'only.¢OVef

a lelted tlme span (N70 years), statistical technigues are

frequlred that Permlt replacement ‘of maximumn recorded values

by higher parametex ‘values. These higher wvalues can be

_derlved from -the. probahlllty dlstrlbutlons dlscussed ln

Section A.2 of this Appendlk. It should be noted Lhat we

have been treating the‘parameter values as being statlstlcally

'5indé§enaéﬁt,'Which-hardly seems to be a.valid assumption.

This assumption leads +o bverly conservative safety require-

;_ments,_but the co*dltlonal probublllty dlstrlbut101s of these _

parameters_are_apparently unknown. They can be estlmated
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from a sufficient amount of historical data.l What would be.

" reguired is an ectlmate of elther 0f the following two _'

conditional probablllty distributions.
Prob (b|D(i),£) or Prob (£f|D(i),b).

D(i) is a specified exceedance probability level on

the Foreeaét:RanQéqunctibn. A set of different i's falling

within the hletsrlcalrrange of data would be used, and the
corrnspondLng set of Prob (bl)'s or Prob (fl) S would be
recordedu Flttlng some reasonable distribution func*lon

{z noxrmal dlstrlbutlon?) to these results would provide an

'-éstimate of the conditional probability distributions

prob (b[D(Q),£) or Prob (£[D(a),b) ~  (A.6)

 where d is the fbrééast'error ‘at the Y percent 1eve1.

To repeat, with the parameter values treated as

_statlstlcally 1ndependent, the ﬁlopd_reservgtlon safety

requlrement 15

What relationship does this formula have to the effects of

 bettex infdrmation7 Let d and d be the ¥ percent level

"1

'forecast error for Lhe current and the new (hlgher) levels of

lnformatlon, respectlvely. Thern, the reduction in reguired

'flood reaervatlon space is given by

Ah = (dg=8;)F1(b=a)/b] R ¢ 98 -}

This additional amount of spaCe”availablerin the reserveir

' ‘can store economically beneficial water, as described in

lHowaver, it is highly probable that far too little data
exist to make these conditional probablllty distribution

calculaLlons-




Chapters 3 and 4 of the text. So far, we have been discussing

-5the,paramét2rs needed to estimate the flood reservation space.

However, if we assume the current flood reservation space is

propex, glven the current 1eve1 of 1n£ormatlon. then estima-

tion of the parameters a, b, and £ is unnecessaly - Under -

this assumption, estimation of only two parameters, (1) the

‘current y percent forecast error level (d ) and (2) the

battem lnfolmatlon Yy percent forecast error level (d ) ylelds

the new flood reservatlon space (hl),‘l e-,

hy = hodl/do ] : _ . . “(A.Q)‘

A.2 . Refinements in the Statlstlcal Moaul on Flood
Control Criteria’

The discussion so far has preSEnted a statistical
model to ﬁeasuref£he'effecﬁ dffacéurécy,'timelipgss,-an&-
frequency of forecast on the reQuired Size o£ the fldod ]
resexvablon space. For ex9031t10nal erposes, certaln more
complex statlstlcal con51deratlons have not been glven 1n the

earlier section, but will now Dbe presented.' Runoff 1evels

fabove the base runoff level are potentlally hazardcus and,

thexrefore, will be called "hazard events" l' Runoff levels

far above base runoff levels will be called exceedance

events“’?' Based on hhe analys;s SF Shane and-Lynn,.a close"--'

approximation ‘of the actual distribution of the magnl?ude of-

1 . . . U ' o o o
Borgman L.E., "Risk Criteria", Journal of the Waterways -and -
Harbors Division, SCE, Vol.89%, No.WW3, august 1963, pp.l1-35. "

2shane and Lynn use the’ terminology. "exceedance events" to re-
fer to a flow largexr than the design flow for that structure.
Shane,R.M. and Lynn'w R.y "Mathematical Model for Flood Risk

Bvaluation", Journal of the Hgdraullcs DlVlSlon, SCE, Vol.90,
" No.HYG, Novembel 1964, pp 1—20 ' : : - :
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hazard events is given by the following distribution function
of exponential form shown in Figure A.L1l
£(y|v) = 1 - e VT y>v, T>0 . (A.10)

The density function that corresponds to this distribution

functicn is given by

Eylv) = (i/me”WTTT sy, o (3.11)
whexe
v = base flow_
T = a parameter
Y -

magnitude of hazard eveént.

If we let the exceedance value be defined as YO; then the

Probability of reaching the exceedance value is given byl

o (m¥g-v)/T

2{yy) = (r.12)

.

Since the eponomic loss that results from a flood is
very larxge relatiﬁe.to thé economic loss that results from too
little water, it has been the practice in water impoundment
management to use a very large margin of safety in determining
the reservoir space left unfilled (called the £lood reserva-
tion space). This would correspond to a very small probabil-
ity P(yo).

For the Feather River, it is necessary to determine
the parameter values v (base flow) and T and decide on an

acceptable probability of exceedance (-p.[yo]).2 The parameter

lProof of this result is given in Shane and Lynn, ibid.

ol
“It ig also necessary to determine the time span over which
the exceedance event occurred.




Probability

EXPONENTIAL DISTRIBUTION FUNCTION

7 {(y} = 1 = exp [=(y-v)/Y}
Y v
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Magnitude of Hazard Event

EXPONENTIAL DENSITY FUNCTION

£, july) = (1/7) exp [-(y- U)/Y]

Figure A.1l
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Magnitude of Hazard Event

Typical Exponential Distribution and Density
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values v and T can be derived from data in the U.S. Geological
Survey Water Supply Papers which list p:ak flows above a given'
base for each year of record. However, the acceptakle proba-
bility of exceedance is a subjective guestion. A reasonable
approach perhaps is one that implies that the exceedance event
is unlikely to occur during a multiple of the design life of
the étructure. For example, if ﬁhe design 1ife of the |
Oroville Dam were 100 vears, then a probability that implied
an exceedance event once every 500 years perhaps is an accept-
able wvalue (p[y0]=.602)- Another approach would be to calcu-
late the present value of £lood damagevasva function of their
frequency and magnitude. The physical magnitude of the flood
would be given by the volume of water above the exceedance
value. Therefore, a low probability of exceedance limits
flood damage both by its low f£reduency of OCcufrénce and by
the reduction in damage that would occur from a flood.
Theoretically, the probabilify of exceedance should be set
such that the expected present value of flood damage egquals
the expected present value derived from.additional economi-
cally useful water. To do this evaluatidn on a cunservativé
basis, a low discount rxate should be used.1 Also conservative
would be a calculation that regquired the present value of
additional economically useful water to be several times the
present value of flood damage. This can be justified on the
grounds that the variance in the present value of flood damage
is much higher than the wvariance in the present value of
economically useful water. In practice, it is difficult to
calculate these present values because of the great uncer-

tainty about the relationship between the physical magnitude

lA low discount rate would give a rare event, subth as a flood,

a much higher expected loss value than a high discount rate.




of a flocd and the economic losses that it induces and because
of the fact that the present value of flood damage is not
independent of the present value of increased economically
useful water.®t

According to the Corps of Engineexs, preproject

2
£flood damages along the Feather River below Oxoville were:

Floods Damages (in 1968 deollars)
December lo64 4,452,000
F'ebruafy 1963 760,000
Octoher 1962 458,000
.February 1358 348,000
December 1955 82,215,0C0

Decembaxr 1937 2,500,000
_ 'ﬁhééé estimated damages are based on 1968 prices and

conditions. After the closure of the Oroville Dam, a large
increase in agricultural development and production occurred
along the Feather River FPloodway. Therefore, to translate

the above flood damages into curfent dollars and conditions,
.the subseguent agridulturai deve;opment and the infiétionary'
conditions prevailing over the last seﬁeral yeérs would have
t6 “e taken into account. Thus, in current dollars and con-
ditions; & shaxp upward rewvision would occcur in the above

flood damage figures.

lAftér a cexrtain threshold Vaiue, the greater the amount of

economically useful watex,’ the greater the f:equenqy:aqd
magnitude of flooding. ' : : '

2Report on Reservoir Regulation for Flood Control, Oroville
Dam and Reservoir, Feather River, Califoxnia, Department of
the Army, Sacramente District, Coxps of Enginecgrs,
Sacramento, Califeornia, August 1970.
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For purposes of_flood control, a forecast range
diagram probability line much greater than 90% is required.
A .999% line, for example, would be more appreopriate. Hﬁw-
ever, at least a thousand years of histdriCal data would be
required to obtain that kind of line directly from the data.
Therefore, indirect methods are required to estimate a .999%
line from the limited amount of recorded data. From the
considerably wider distance of probhability bands above the
mean forecast line relative to those corresponding bands below
the forecast Line, it can be concluded that the probabllity
distribution is deiinitely skewed toward the upper end 6f the
runoff levels.l Because of this skewness, a log-normal dis-
tribution fitted to each forecast date (February 1, March 1,
April 1, May 1, and June 1 rathexr than, for example, a normal
distribution) would provide an apparently reasonable method
for estimating the probability bands for other probability

levels.

lThis skewness probably occurs because of the boundary
condition that it is impossible to have a_negatiyg
unimpaired runoff. ' ' '
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APPENDIX B. CORPS OF ENGINEERS FLOOD CONTROL CRITERIA

A report by the Corps of Engineers specifies the
flood control criteria that will be followed in the operation

of the Orowville Dam . and Reservoir.l These criteria are based

. on an examlnatlon of the quantltatlve characte1lsLlcs of

prev1ous floods along the Feather Rlver; buL not along the

statistical 11nes suggested in Apperndix A. The general

characteristics of the 13 largest historical floods at

Oroville examined by the Corps of Engineers are’ reproduced
in mable B.1. Using these and other hlstorlcal hydrolog§.
data as a starting point, the Corps oﬁ Eng;neers ha; developed_
a "staﬁdérd project £lood" to detgrﬁiné fio&ﬁTcohtrol space
reguirements. A comparison of a "standard project £lood" to
major historical floods is given in Table B.2. A

In addltlon to flood control Space requlrements,

there alsco are criteria on perm1551ble rates of outflow.

These criteria are based on channel capacities along the

'-Feathel River and its tributaries.

The maximum flood control space requlrement is
750,000 acre- feet ThlS empty space must be prov;ded whenever
there is a meterologlcal potentlai for a "standard prcject .

storm" and ground cdnditions are conducdive to maximum runoff.

,This-meterological,condition:is_postulated-to exist-between

October 15 of. each year and April L of Lhe following year.

If ground COndlLlOnS are d;y, the mahlmum flood contlol

'lﬁeport'oﬁTﬁeéErﬁéit-Requlatidn:fcr_F1Ood Control, Oroville -

Dam_and Reservoir, Feather River, California, Department of
the Army, Sacraménto District, Corps of Engineers,
Sacramento, Califormia, Rugust 1870. :
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Table B.l Historical Floods, Feather River at Oroville

peak | Max. Max. Annual Mean
Date of Flow 1-Day 3~Day Water-Year | Annual
Year Peak Flow (efs) (efs) (se~ft) (go=tt) {efs)
1964 22 Dec | 250,000 | 156,000 | 864,800 | 6,448,000 8,908
. N I

1967 19 Mer 230,000 | 187,000 | 894,600 9,310,000 12,900
1955 23 Dec | 203,000 | 172,000 sis,eoo 7,303,000 | 10,080
1963 31 Jan | 191,000 | 125,000 | 538,700 5,873,000 7,835
1957 11 Dec | 185,000 | 145,000 | 567,700 | 8,175,000 | 11,290
1928 26 Mar | 185,000 122,000 | 642,600 | 3,650,000 5,030
1940 27 Feb | 152,000 | 131,000 | 598,600 | 5,275,000 7,270
1903 16 Jen | 140,000 { 137,000 | 772,000 | 7,380,000 | 10,200
1962 13 Oet | 138,000 | 101,000 | 455,400 | 5,673,000 5,825
1860 8 Feb 135,000 | 95,800 | 310,200 2,871,000 4,080
1906 18 Jan | 128,000 | 96,300 | 415,000 | 6,650,000 9,180
1913 31 Dee | 122,000 | 121,000 | 616,000 6,540,000 9,030

1904 24 Feb | 118,000 ; 106,000 | 492,000 9,330,000 12,300

Source: Corps of Engineers, Ibid, p. 1l1.
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Tabie B.2

Comparison of Standard Project Flood to Major

Historical Floods

values to those

of the major floods, is tabulated as follows:

: Peak Flows : T2~-hour Volumes
Flood : Flow H Ratio : YVolume : Ba‘tio

: (1000 c.f.s.) : (SPF/Flood) : (1000 ac-ft.) : (SPF/Flood)
Standard Project Lo 1.0 1,520 1.0
Dec 196k 250 * 1.76 886 * 1,72
Mar 1907 230 1.91 895 1.70
Dec 1955 203 2.17 - 830 1.83
Probable Maximum 720 0.61 2,510 0.61

#* Computed value.

Source: Corps of Engineers, Ibid, p. 14.




reservation space is 350,000 acre-feet ‘between Oétobar 15 and
April 1. This is illustrated by Figure B.1l. The numbers 3.5
or less, 4.0, 5.0, etc., abové the horizontal lines in 7 '
Figure B.l, indicates the recorded value for the index of

ground wetness. The_smaller this index, the dryer the ground.

Foxr example, in order. to meet these flood control criteria, an

index reading of 8.0 would indidate thaet 600,000 acre-feet of

dam space would be kept empty of water and that the amount of

water in the reservoir would not exceed 2,938,000 acre-feet.
The ground wetness index is computed each day inf

the following way:

Par{t) = 0.97 Par{t-1) + Precip (B.1)
where

Par{t) = current day's ground wetness index

Par{t-1) = previous day's index

Precip = precipitation occurring since

Par (t—-1l) was computed.

Since Par(t~1l) has a weight of 0.97 and Precip has
an implicit weight of 1.0, the contribution of each day's
precipitation to the ground wetness index is over 50%. This
weighting has the direct effect of causing rapid changes in
the value of the ground wetness index during & storm. Because
of limitations on the allowable release rate of water at
Oroville, it is not practical, except for temporary periods
that are caused by a storm, to have a flood control space of

less than 550,000 acre-feet during the earxlier part of the

~annual flood control period (i.e., Octobexr 15 to February 1).

To attempt to take advantage of the apparent additional space
given by ground wetness indexes of less than 7 would mean a
considerakble increase in water that would have to be spilled .

and therebhy completely wasted.

[ —_—
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As stated prevxously, in orde: to prevent downstream
fleoding in addltlon to the volume restrictions shown in the
Flood Control~Dlagram (Figure B.l), there are al.o restric-
tions on the amount of water that can be released pex unit

R o 1
of time. These conditions axe:"

a. That flows in Feather River above Yuba River
do not exceed 180,000 c.f£.s. .
b. That flows in Feather River below Yuba River
" do not exceed 300,000 c.f.s-

¢. That flows in Feather River below Bear River

do not exceed 320,000 c.f. s._lnsofar as posslble_

4. That réleéses aré'not 1ncreased more than
10,000 c.f.s. or decreased more than 5,000

e.f.5. in any 2~hour periecd. -

In concluding this Appendix, it can be stated, based
on the discussion in Segtions 3.1 and Appendix A, that the.
flood control diagram is nctroptimﬁm in terms of preﬁentinq
floods. ' ' |

'An optimum f£lood control diagram would reguire an
equal probability of having a flood on any day albng'the'."
entire length of the 1lne determlned tc be. reserved for flood
control. A non- optlmum flood control dlagram llmlts to an
unknown degree the amount of potentlal benefit that-can be-

derived from better information.

7 :
These conditions may be overriden by releases that are
governea by the emergency spillway releéase diagram curreéntly
in foxrce.
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Table B.3

Release Schedule

Actual or Forecast

Inflow

{whichever is greater)

c.f.5.

Flood Control
Space Used

Regquired Releases

ac-Ift c.f.s.
0.~ 15,000 0 - 5,000 Power Demand
0 - 15,000 Greatex 5,000 Inflow
Than
15,000 - 30,000 0 - 30,000 Lesser of 15,000
or maximum inflow
0 - 30,000' Greater 30,000 Maximum inflow

30,000 -120,000

120,000 -175,000

‘Greater than -175,000 .

Than

for £lood
Lesser of maximum
inflow ox 60,000

c.t.=s.

Lesser of maximum

inflow or 100,000'.

c.ft.s.

Lesser of maximum

inflow or 150,000

c.f.s5.

A
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~ APPENDIX C. BOX~JENKINS ANALYSIS OF DAILY
: R FEATHER RIVER STREAMFLOW

Using a Box~Jenkins computex'program develbped by

‘David Pack at the University of Wisconsin, a second order

auntoregressive equation was ‘determined to be the most appro-

priate form to use for the Feather River.l TheAgeneral

mathematlcal form of +this equatlon was:

yt = nt + et (t 0,1, 2 3,...,n) | (. 1)
where Yy = the natural logarithm of the daily streamflow.
nt = the daily "deterministic" component
e, = the dally "stochastic" component .

TFor the deterministic component of daily strxeamflow

_ 2Tt . ,
N, = 0y + &, cos Sea ¢ %y o S (Cc.2)
wheié ao = the historical average daily streamflow around

which the cosine curve of daily streamflow is traced cut.

ol the amplitude of the cosine curve

1

YT the length of time of one cycle of the
cosine curve which 1n this case is a year.
(The inverse of this term glves the fre— 
guency of the cycle, 1.e., once a year.)

_u2‘= the Shlft £actor for slldlng over the cycle

to the Proper tlme of the year.

;Thls equatlon was developed¢ by Neil- Polhemus- for ECON. - The -
initial starting polnt for the analysis was a straamflow
analysis of the Ohio River in an article titled "Stochastic
Modeling of Temperature and Flow in Rivers" by Frances Clay
McMichael and J.Stuart Huntex in Watex . Resources - Redearch
Vol 8, No.l, Fabruary 1972, pp.87-98. :




Fox the stochastic component of daily streamflow, using the
Box—Jenklns notaLmon, ' : ' e S

o s

where e, = stochastid‘errqrs_ihistreamflow prbcess o

A Aat = "white noise", i.e., an;ér#oilﬁéim that has
zero mean and a constant vériance over time

B = the first- orﬂer barkward shlft Gperatlcn e

3 Do PR
B = the second order backwaxd Shlft operator

¢1,¢2 = constants determlned Erom the- dally streamflow

data

To 1ndlcate the meaning of the backward Sﬂlft opera?

'tqrs, let us rewrite (ec. 3) as:

o : : .
2, = ¢; 3.¢2:3 ) e, o e

Multiplying the right hand side of (C.4) by e an&gﬂdecomesing"

Tt
the shift operator yields:

Sl ST S P “t-2

Feer T et~1'¢i7 = by ®¢-3

Bpop T Spop -¥p G T %3 Sp-g
'_af—m‘= -t—mul'h‘¢l t—mrz';¢l_et—m?3,
..fTo*tesﬁithis model, COEfflClentS for the water years, 1902 1307

and. 1960- 1965 were obtalned.j For the 1902 1907 perlod +he

estimated coefficients were:

Go =487 4y = 1220
Cog = 1.168 ¢, = -0.198
Op T 310
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For the 1960-1965 period, the estimated coefficients were:

Gy = 8.27 ¢y = 1.254
~ ~ )

o, = 0.574 ¢, = -0.319
4, = 3.222.

The coefficients for these two sets of vears appear
to come from the same underlying population (judging by the
same signs and approximately the same ﬁagnitude of the corre-
sponding coefficients for the two periods) but no formal
statistical tests were made to confirm this hypothesis. We
then ran a Box-Jenkins analysis for the entire period October
1902 to September 1965 (i.e., 23,353 observationé of daily

streamflow) to obtain the following coefficients:

~ Ead

ao = 8.210 ul = 1,113
al = 0.840 a2 = -0.166
mz = 3.184,

The estimave of residual wvariance is given by:

2 _ 796.64094 _
23353

(Note: this residual wvariance 1is

0.034113

applicable to the transformed
dataj . ‘
We examined the stochastic component of the Box-
Jenkins analysis and asked the following question: how does
the étochésﬁic component vary as a functibn of time? In other
words, startingron ﬁay £, what is the error in the estimate of

the streamflow on day £ + m, where m is treated as a




variable.l For the initial conditions, we took the historical

2
values for eo and el. These values were:

-.0203667 and

(0]
I

-.0206933.

o
1l

A computer program was writtin, using the 1902-1965 coefficient
values for the ai's and the ¢i's, the igitial values e, and e,
and the estimate of residual variance s . A Monte Carlo pro-
cedure using a random number generator with mean zero and
variance 52 was used to produce a series of means and standard
deviation of the streamflow over a ninety-day periocd. Five
hundred ohservations per day were used to obtain the daily
mean and standard deviation for a thirty-day period. A graph
of the thirty-day mean and standard dewviation results for the

natural logarithm of daily streamflow is shown in Figure 2.8

‘tn the text.

lA theoretical determination of the analytic procedure that
could be used to answer this question is given in Appendix D.

2The initial starting date (t=0) was Octobexr 1, 1902.
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APPENDIX D: NOTE ON FORECAST VARIANCEJ'

This appendix presents a procedure for obtaining the

forecast variance of the Box-Jenkins model given in Appenrdix C.

(1) Given the model: X, - ¢1 L ¢2 XKoo = Ut
let it be written 2 (B) Xt = Ut
where A(B) = 1 - ¢, B - ¢. B2
1 2
and BX, = X defines the "backward shift" operator

t -1

(2) Complex polynomical defined:
_ 2
let A(%) =1 - ¢, Z ¢, 2

{3} Let another complex function, 0(Z) be defined:

such that A(Z) C(z) = 1

Ce c(z) = 1 5
1~¢l z—¢zz
«© »
(4) Write c(2) - £ cC,z°
j=o
o0
{5) Theorem The process can be written Xt = E cj Uy—j

(6) Theorem TForecast variance for m steps ahead is:

m-1

lWritten by Francis Sand.




APPENDIX E: BASIN DESCRIPTIONl

E.1 Description of the Area

a. Feather River Basin lies on the eastern side of
the Sacramento River Valley and on the northern end of the
Slierra Nevada Range. The location of the basin is shown on
Figures E.1 and E.2.

b. PFeather River, a major tributary of Sacramento
River, rises high in the Siexra Nevada at elevations close to
10,000 feet, and flows for about 200 miles to its junction
with Sacramento River on the valley floor. Its upper reaches
branch into several forks: West Branch and South Fork lie on
the western slope of Sierra Nevada, North and Middle Forks
rise on a high plateau East of the mountains. These streams
flow in a generally scuthwesterly direction, cutting through
steep rugged canyons to their respective confluences with the
main stream in the foothills above the mouth of Feather River
Canyon. Oroville Dam is located below the junction of the
forks, six miles above the town of Oroville. After leaving
the mountains near Oroville, Feather River turns South and
flows through the rich agricultural lands of the Sacramento
River Valley for about 50 miles to its mouth at Verona on
Sacramento River, 20 miles above the city of Sacramento.
Feather River has two main tributaries that join it in the
valley, Yuba River (with 1,350 square miles drainage area) at

Yuba City, and Bear River (with 550 squarc miles) at Nicolaus.

1Verbatim {(with slight altexations) from Chapter II of Report

on Resexrvoir Regulation f£or Flood Control, Oroville Dam and
Reservoir, Feather River, California, Department of the Army,
Sacramento District, Corps of Engineers, Sacramento, California.
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(1) About 36 pexcent of the Yuba River drainage
basin area is controlled by recently completed New Bullards
BarvReservoir located about 35 miles upstream Ifrom the Feather
River. The remaining 64 percent will be uncontrolled area
until auvthorized Marysville Dam and Reservoir is built and put
into operation. Complete protection on the Yuba River is not
possible without the authorized Marysville Reservoir.

{2) The Bear River drainage basin has a total area
of about 550 square miles above its confluence with the Feather
River. The four existing reservoirs on Bear River have no
storage allocated to flood control. The largest of these res-
ervoirs is the New Camp Faxr West Dam and Reservoir completed
in 1963, Studies are being conducted foxr construction of Gar-
den Bar Dam and Reservoir which would have storage allocated
to £loecd control.

(3) An extensive levee system has been constructed
to protect the Feather River f£lood plain downstream from
Oroville Reservoir. A levee extends along the right bank of
Feather River from Hamilton Bend to the mouth of Feather River.
Levees have also been constructed along the lower reaches of
Bear and Yuba Rivers, around the city of Marysville and around
a local reclamation district.

c. The watershed above Oroville Dam drains 3,611
square miles and includes mountain crests over 8,000 feet high,
mountain valleys at elevations as high as 5,000 feet above sea
level, deep canyons, and rolling foothills. Eievations range

from 10,466 feet at Mt. Lassen Peak to 9200 feet at the damsite.




About 55 percent of the area is above an elevation of 5,000
feet, and only 7 percent is below 2,500 feet. The following
tabulation gives area-elevation data for Feather River Basin

above Oroville Dam.

Elevation Basin Area
Area {feet) {sg. miles) (percent)
Area above 5,000 1,986 55
Area between 5,000-2,500 1,372 38
Area below 2,500 253 7
Total area 10,500-900 3,611 100

The topography of the basin is shown on Figure E.2.

d. The vegetation in the basin varies from heavy
timber growth on the mountainous slopes in the western part to
a sparse cover on semi-desert valleys on the eastern side.
Mixed conifers grow at higher elevations, ponderosa pines and
hardwoods appear at lewer elevations, native brush and grasses
cover the alpine meadows and the foothills, and sagebrush
spreads over the eastern slopes. The rich so0il of ivhe valley
floor beleow the dam grows a great variety of farm crops.

e. The economy ©of the area below Oroville Dam de-
pends on irrigation farming, livestock raising, and on industry
connected with producing and processing agricultural preoducts.
The economy of the basin above the dam is centered around
lumbering, mining, and recreation facilities. There are many
small mountain communities throughout the basin, with more
populous and important towns located in the valley, as shown
on Figure E.1l.

f. california State Highway 70 (a major east-west
connection) and a number of State and county highways serve

the area. The Western Pacific Railroad traverses ithe basin

BE-5
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generally following Feather River Canyon from Oroville into
Nevada. The location of highways and railroad is shown on

Figure E.1l.

BE.2 Climate

a. The climate of Feather River Basin is closely
associated with the typography of the area and there is. a
marked difference in temperature and in precipitation within
short distances. A detailed dlscu551on of Lopographlc in-
fluence on climatic characteéristics of the area is included in
the Master Manual. In genexral, the climate of the basin is
divided into two seasons: hot, dry summer lasting from May
through October, and cold, wet winter with heavy rains and
snowfall in the mountains from November through April.

b. 1In the valley below Oroville Dam the climate is
temperate with hot summers and mild winters, without extreme
temperature variations, although as high as 118°F. and as low
as 16°F; have been recorded. in the mountainous basin‘ébOVe
Oroville Dam temperature changes are more pronounced: summex
days are dry and warm with 95 percent of possible sunshine
and occasional temperatures above 100°F.. but summer nights
are cool with a chance of frost occurring 1n any month, espe-
c1ally at hlghe? elevations. Winters are moderately severe
with minimum temperatures below freezing during the period
E£rom November through April. The monthly distribution of max-
imum, minimum, and normal mean temperatures at representative

statlons 15 as follows-

b

oy




3
MORTHLY MEAN TEMPERATURES (F.°)
3 MARYSVILLE  © : OROVILLE 7 SE™® = QUINCY RS : ' SIERRAVILLE RS
MONTH i H. 6w : El, 530° - & El. 3,408 El %975
Max @ Min : Hormal® Max : Min :._Average; Max : Hin_:Normal‘ Max @ Hin : Nurm_gl' :
) Jenvary SN 3 46 53 36 35 55 22 - 33 TRV N
© Febreary &0 11 50 58: 40 U9 50 24~ a7 ] B 3e
Herch 66 4% 85 63 ¥2 53 55 28 42 61 . 23 3B
dpril 73 w7 64 T4 U6 58 85 32 8- 60 . 28" LR
Hay g0 .52 87 ap . 51 65 72 31 54 68 34 BL
June B 58 7 B9 56 72 Bl 42 61 76 38 58
S T -~ July - 9 6. 79 . 97. 60 . T9 89 13 66 8 M 64
o August 95 ‘s = 17 - 95 58 77 g8 a1 6l 85 39 - 62
Seplember B9 55 T4 90 56 73 8L 36 59 18 3 58
October 79 9 6l 79 50 64 70 31 5. 8 - 28 - A9
Movember . 66 . 42 . B4 . 65 w27 54 56 .28 i . 55 22 .38
December 55 38 Wy 55 om0 M6 ¥ 54 35 - U5 47 - 32
§ J fonual : 62 . 61 ‘ 1o 16
Years - of.. g ) : 33 52 52
Record 5¢ 5T 8. 28 29 - 66 . 52
* ‘Wormals for all slations are climatelogical normals based on. period
1930-1960, as published by USWB.
B . '* Station-closed in February 1964,
[}:‘,
' Observed témperattre éktremes for these stations are as
tabulated below:
_ TEMPERATURE EXTREMES.
i T URAXIMUML. o MIg L
o - STATION RN | - MIKIHU o
: : : MONTH. @ FO. @ MONTIl ¢ F
0% Hnrysvxl]e ' July 118 Décém‘ber 16
Oroville 7 §E - ﬁugﬁéf © 115 becgmbﬁr' 16
Quincy RS July 306 Janunry -2
. Sierravilleé 85 July 104 - January. ;3:;_
B-7
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P
OF Po AGD s

OR QUAIJTY




c. Ndrmal“ahnualﬂprecipitation'over.Féather River
Basin varies greatly aé illustrated on Figure E.3, ranging from
about 15 inches on_fhe;portiunmof the basin draining the east-
ern slopes of the Sierra Nevada to closa to 90 inches over the
higher ridges on the western slppes near the headwaters o£ West
Branch and North Fork of Feather River. Precipitation during
the winter season normally f£alls as rain at‘elevations below
5,000 feet, and as snow at_higher'elevatidns, although. during
- majoxr warm storms rain may fall over the eﬁti£e<bésin. Aboﬁt
88 pexcent of annual precipitation in the valley, and close to
85:percent in,thé moﬁﬁtéiné} océﬁrs &ﬁring‘ﬁhe No#embéf-hpfil
- period. During thé summer months precipitation zesults from
isolated. thunderstorms that cover small areas and axe of short
durétion; Monthlybdistribution of‘pfecipitatibh at éelééﬁed
représentative stations based on data published by the U.S.
Weather Bureau fox the périodleBl—lQGO {except Brush Creek .-
R.5. which is based on averages of the.period of record 1837-

1967} is given in the following evaluation:

HOMTHLY PRECIPITATION

: MARYSVILLE
HORTH :t (El. 64°) @
t fnches: ¥ @

: QUINGY RS : BRUSH CR. RS : CANYOR DA4 : SIERRAVILLERS
: {El. 2%08°) : (El. 3560'} : (El. #555°): {E}. 29757)

inches: % Iinches: % .3 inches: % 1 inches: %

OROVILLE BRIDGE
(E). 165

Inches: $

“July 0.04 0.0 - .01 0.0 0.i2 0.3 O% i 9.200 0.5 o0.29 0 L4
August 0.02 0.1 03 0.1 0.i1 0.3 .17 0.2 o.i2 0.3 0.15 0.6
September 0.23 1.1 .37 1.3 6.51 1.3 .72 1.0 o.B¢ 1.4 0.44 L7
October 1.13 5.5 1.30 L7 2.43 6.1 #.39 6.3 - 2.28 5.9 i1.83 7.2
Hovembar 2.03 5.9 2.50 10.4 Bo4n 104 g.04 11,6 4,03 10.5 2-26 0.9
Decembar 3,68 1B.B 5.2z 4B.7 6.87 17.2 12,39 1T7.8  6.67. 17.% %49 17.9
January 3.99 18.4 5.7 19.6 7.24 18.0  13.59 $9.5 7.08 18.5 494 1%-5 :
Fabruary 3.86 18.7 .93 17.7 7.26 iB.4 ii.82 16.% . 6.86 17.9 H.23 ii-Y
Harch 2.48 13.0 3.89 13.9 5.3%8  13.% 9.4 13.6 5.06 13.2 2,84 G-ﬁ-
April 174 8.5 2.27 8.1 3.21 B.O 5.62 8.1 2.B3 7.4 - .63 e
Hay 0.80 3.2 1.16 L2 2.04 5.0 2.80 5.0 1.0 4.9 %-25 31
June Cov.22 1.1 0:35 1.3 0.7%  i.9 - . .98 L4 o800 2.4 o 0.5% oL
Tot-1 20.59 100.0  27.90 100.0 39.99 100.0 69.60 100.0 38.37 100.0  25.3% 100.0
Hov-Apr 18.18 24.68 88.4 31,07 B5.2 60.50 D6.% 32.53 B9.B 0.8 82.3
E-8




Isohyets of normal annual precipitation and the location of
.cllmatologlcal statlons are ‘shown on Flgure E 3. Aﬁerage annual
'preclpltatlon for reather Rlver Bas;n above Oroville Dam is
estlmated as 44 lnches.”‘ | . ' ,

- d. Winter snowfall above about 5,000 feet elevation

normally accumulates until about the first of Aprll,_when in-

creasing temperatures mark the beginning of the snowmel®t season.

Snow falling at lower elevations usually melts away within a.

short period of time. Basin snow pack data-for a wet year

(1952), a neax normal year (1954}, and normal 1 April values

. at selecfed.representatlve snow courses are glven in the fol—

7 low;ng tabulatlon

1 APRIL SNOW SURVEY DATA

' V : Blev. ¢ Depth in 2 Welter Fgulvelent
o Snow Course - : in ¢ Inches. :  ‘Inches 1 b Bormal
No, - Name ¢ Feet 1 1952:1954 3 1952:1954:Normal.: 1952:1954

s Upper lassen Park 8,500 267 204 131 89 79 166 113

48  Mount Dyer No. 1. - 7,100 .118 66 .52 30 , 25 . 208 120

280 * Rowland Creek = 6,700 101 " 39 44 14 17 253 82
52  Bureka Lake 6,200 166 69 73 33 32 __228 103
49  Letterbox - 5,800 222 107 1068 52 47 - 226 11l

Bl - Chester Flat . .~ 4,600 77 20 .28 10 7.3 392,:.137

A complete list of snow courses and theikr location is ‘given on .

"chart. 5.

E.3 - ' _Runoff CharadteriSticéﬁ”

..

“The - runoff o£ Feather Rlver 15 produced mostly by

1ntense preelpltatlon in w1nter, augmented by snowmelt lnf

,_;p:;ng._ nghESL flows occur normally durlng the months of

E-9
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.ﬁrmgure

“December through June, with the largest sustalned floWs

usually in %pril and May. Flows decrease durlng the: summer,

reachlng fia lowest ebb in August and SepLember. The month]y

alstrlbutlon of average runof£F of various Feather Rlver trlbu—"

taries lncludlna Yuba River at Ma1ysv1lle is as follOWS‘a

(AVERAGE MONTHLY RUNO FF

HO.FK. FEATHER R HID FX FEA"HE’R R:S0.FK. FEATHER R. : FEATHER Rl VER :YUBA RIVER NEAR
AT PULGA {a] - ¢ HEAR MERRIBAC @ AT EHTEEPRI SE 3 AT OROVILLE {b) = HARYSYILLE (e} .

oo o e u

HORTY!

DA .= 1,953 sq mi:DA =1,068 sq mii DA =132 sq mi iDA'= 3,624 sq miiDA=1;340 sq i
. haoc"_sf?dii" ercent“maoc'f_sf“tr.'.d;Percent'Th:éj_sfa{’ d: Pe rcent'-n;i'iie.g‘ d: Fercent'ThanlisFt"d 'Parcent
“‘Octeber 101 5.2 24 iy L8 o8 429 340 33 1.8[
Kovember i08 5.5 25. .2.5 . 5.B- 2.6 8z . ‘E.3 52 . 2.8
- December - . 159 g1 . -303.. 10.3. . 20.0. 9.1 323 7.7 216 - i1.8°
denuary 167 8.5 .85 9.5 25.00 ik nal 9.8 - 220  12.0
o "Fobruary 209 10.7 17 12.7 37.0 - 16.8 53C 12,6 - 252 13.8 -
oo March oo . 225 ¢ 145 2t o q20% o H6.0 0 461 617 8.7 237 . 13.0 .
o ARl 'j e A9 2N . 20050 WO c. 2000 724 472 . 5 6.6
L1 Ray 253 429 4761 . 47.6. . 37.0 - 6.8 - _ 604 - 144 3m . 37.2
Sodune oo . Y2 T 15 7.6 . 11.C 5.0 =02, - 7.2 A% 8.0
July . 109 5.6 25 2,5 e - 0.7 - -~ iBi 3.6 s 2 1.6
. Sugust. 103 5.5 13 . 1.3 0.4 0.2 1 2.9 12 0.6
Sptember, 90 U6 s 30 vAE 05 . 0.2 WHS .25 . 1 0.8
Jonusl 1,953 400.0 - 998’ 190.0  220.0 100.0 4,201 - 100.0 1,83 100.0 .
Yoars of 7 | ) o L R A n, : 4
- Record A 56 , i 1—5 T 55_ RN 65 ] : : 23 . S
' [ ‘ Pnnr to Ociobcr i962. ub]lshud as."at Bl Bar® ' T SRR .

Ociober 1934 to Septamber 1961 published as *ngar Orane

{el: Prior to Soptembar 1987 published as "at Hnrysv;l’la

RLnoff in PeaLher Rlver and trlbutarles varles boLh seasonally

~and’ from year to year.3 "he average annual xunoff of FeaLhel
'_Rlvel at Orovllle for 65 years of record 15 4 20l OOO acfe—  ”“~
- feet, the maylmum recomded value being 9, 330 0Co acre~ eet
 ﬁ{222 percent) ‘for the 1903- 04 watex-year and the mlnlmum, o
.;l 180 000 acxeufeef (28 percent) in- 1923 24. Recorded and com—e::

-;puted data for & comparlson of extreme and mean flows ln

Feather Rlver and Lrlbutarles above Orovmlle ‘are glven 1n the

‘ fDllDWlng table.

A llsL of: stream gaglng sLatlons, themr locatlons,

dralnage areas, perlods of lECOldr and peak flows ls glven on




[ Ral!

Table E.l - Recorded and Computed Runoff Data

HORTH FORK

_ MIDDLE FORK SOYTH FORK
FEATHER RIVER FEATHER RIVER FEATHER RIVER ArCATHER RIVER
AT PULGA (a) AT HERRIMAC AT ENTERPRISE ROVILLE (B]
Drainage
drea(sq. mi.) 1,925 1,062 132 3,62t
PERIOD OF RECORD . - 1910-1966 1951-1966 19111566 15041966
YEARS OF RECORD 56 15 55 65
Date . cfs 5;¥§1 Date ofs sgﬂ;i Date cfs sSﬁ:i Date cfs sgf;i
INSTAHTANEOUS FLOW _
HAXTHIN 22 Dec 64 | 73,000 37.7 | 22 Dec 6% | 86,200 | 81.2 | 22 Dec 55 | 19,200 | 146 { 22 Dec 6% | 250,000{c) | 69.0
M TMUN 25 Jun 61 33| 0.02 | 2 Jan 60 92| 0.09 | Aug. Sep50] 0 0 9 Hov 31 300 0.08
MEAR DAILY FLOW _ ,
" MAXIMIM {22 Dec g% | 56,400 | 28.6 | 23 Doc 64 | 51,000 | #8.0 | 22 Dec 55 | 45,400 | 117 | 19 Mar 07 | 367,000 | 51.6
M8 MUl 123 Jul 58 39| 0.02] 13 Sep 59 991 0.09 | 1 Aug 50 0.81 0 3 Oct 33 577 0.16
MEAY 2,890 | 1.50 1,380 | 1.30 302 | 2.30 5,800 1.60
Water-year i;ﬂ%ﬁ ine Water-ysar i;ﬂgg in. Water-year 1&222 in. Vater-year iéﬂ?ﬂ in.
- ANHUAL FLOW
HAXIMIN 1938 4,200 | 20.7 1952 2,000 | 35.3 1938 491.6 |69.8 1504 9,330 18,3
HIHTHUM 1924 802 | 7.77 1961 450} 7.95 1942 2.7 | 6.07 1924 1,180 6.11
MEAN 2,094 { 20,3 996.9 | 17.6 2191 |31.2 4,201 21.7

[Etip——
nop
o s

Computed flow

October 4534 to 8e

Prior to October 1962 published as "at Big Bar"
ptember 1961 published as "near Oroville"

n
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E.4 Flood Characteristics

a. Damaging floods in the Feather River Basin
usually result from winter rain storms, occasionally augmented
by melting snow. A typical f£lood producing storm may last
several days, and is actually not a single storm but usually a
rapid succession of several individual storms. Runoff produced
by these storms may combine to produce high intensity peak
flows in all streams in the basin. During large floods a wide
range of flooding conditions prevails. Runoff accumulates
rapidly in the upstream tributary areas and the floods‘pfoduced
are of high intensity but relatively short duration. In the
lower reaches of the Feather River the stream gradient de-
creases,; velocities are less, and prolonged inundation may
occur. Large floods may also result in failure or overtopping
of existing project levees with consegquent flooding of large
areas of highly developed farmland and urban-surburban develop-
ments.

b. Rain_floods are characterized by high-peaks and
short durations of a few days, while snowmelt £loods have
lower peaks and moderately high flows foxr periods up to sev-
eral weeks. Flood peaks on the streams in the basin above
Orxoville Dam dre often impaired and delayed bj numerous up-
stream check dams, diversions, and reservoirs. Below the dam,
peaks'are reduced when the fiood flows leave the channel and
are stored by flooding owver the adjoining flat lands.

c¢. Flood flows in the streams above Oroville Dam
aie usuélly confined within the naturai narrow cényon stream
channels, descending rapidly without causing extensive damage.
Below -the dam and below the town of Oroville, f£lood flows tend

to spread over wide areas where not confined by levees. In

‘the leveed reaches of the river when high flows in Feather

River coincide with high flows in the downstream tributaries,

E-13




the combined flows may exceed the project channel capacity and
cause flooding of adjacent protected areas.

d. The largest recorded flow on Feathexr River at
Oroville happened in December 1964, when record breaking peaks
were produced on many streams of the Feather River Basin. The
flood of December 1964 -~ January 1965 resulted from a wintex
rainstorm which followed a melteorological pattern typical of
other flood-producing winter storms over the basin. Heavy
precipitation occurred in the preceeding 60 days over the gen-
eral area, with up to 5 inches of rain‘recorded at some valley
stations. The storm came in four distinct waves. The first
wave, which occurred during 18-20 December, was cold, and de-
posited 2-3 inches of snow in the mountains down to the 3,000
foot level. The following wave brought rising temperatures and
heavy rains up to 6,000 feet elevation. Within the 4 day
period, 20-23 December, about 13 inches of rain fell. The warm
winds and rain melted most of the new snow accumulated during
t+he initial storm. Another cold wave, occurred during 26
December-4 January, and brought rain to lower elevaticens and
snow to the mountains. The final wave of this storm series
occurred 4-6 January when from 3 to 10 inches of precipitation
fell on the Feather and ¥Yuba River Basins. A local storm of
high intensity occurred on 26 December over the mountain ' slope
south of Oroville causing the highest recorded runoff in South
Honcut Creek, a small tributary entering Feather River helow:
Oroville. Inflow to Oroville Reservoir peaked at 250,000 cubic
feet per second; compared to the previous maximum of 230,000
c.f.s. at Oroville in 1907. PFlow at Oroville was controlled
by the partially constructed dam to a maximum out f£low of
158,000 ¢.f.s. Peak flows of Feather River and its tributaries
at various stations in 1964 and the previous maximums are tab-

nlated as follows:




A

Y

)

:1984 Peak Flow:Previous Maximim

e am

Stream Gaging Station : {e.f.s.) :{c.T.s.): Date
No. Fork Feather R. at Pulga 73,000 72,400 Dec 1955
Mia ¢ " " near Merrimsec 86,200 65,400 TFeb 1963
So. ® m v gt Enterprise 11,800 19,200 Dec 1955
West Br. " " nesr Paradise 26, 300 21,200 Jan 1963
Feather River inflow to Oroville res 250,000 830,000 Mar 1207
Feather River gt Orovill 158,000 290,000 Maxr 1907
South Honcut Creek near Bangor 17,600 8,280 Oct 1962

¥ The Oroville embankment temporarily stored 155,000 acre-feet of floecd

water, reducing the peak flow from 250,000 c.f.s. to 158,000 c.f.,s.
and delaying the peak for ebout 20 hours.

Major flood flows also ceccurred in March 1907,
December 1955, and January-February 1863. The_flood of March
1907 occurred when heavy rainfall accompanied by unusually
warm weather caused rapid melting of snow and runoff second
only in magnitude to the f£lood of 1964, with the peak flow
at Oroville, reaching 230,000 c.f.s. The flood of December
1855 had the third highest peak at Oroville, 203,000 c.f.s.;
and was also the result of excessive rain and snowmelt, as
were most of the other £floods on Feather River. . The floods of
1907, 1204, 1937, 19209, and 1955 produced the largest annual
runcff volumes, while the floods of 1907, 19G4, 195E, 1909, and
1928 had the highest 3-day volumes. Preliminary data indicate.
that 1969 water year'will rank among the larger floods on
Feather River. The peak inflow to Oroville Reservoir of about

125,000 c.f.s. occurred 21 January 1969, with a maximum 3-day

flow of about 543,000 AF,
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APPENDIX F.

.

DATA USED IN ANALYSIS OF COVARIANCE IN SECTION
2.4 OF THIS REPORT

fPable F.l Dataz Used in Analysis of Covariance

hctual April 1 Forecast |Snhow 2 Octokcy-ﬂa?ch April—-July ’
Year|Runoif rorecast (P)| Errer (Ejvariables(S ]PreClpltatan(Pl) Precipitaticn(Pz)
la42 2883 1968 ~915 - 114.49 126 362
1943 1914 1B34 -80 94.09 122 135
1944 1571 1506 -65 110.25 74 iso
1945 1563 1756 193 114.49 101 150
i946 1605 . 1983 378 141.61 112 26
1247 889 1064 175 10.24 80 95
1948 2486 1168 -1318 34.81 78 480
1949 1420 1699 279 151.20 73 84
1950 l988 1753 -235 127.60 93 199
1951 1511 1710 199 44.89 136 142
1952 4676 4787 113 600.25 176 97
1953 2405 1821 ~584 127.60 101 266
1954 1965 1760 -205 118.80 93 ) 158
1955 1230 1075 ~155 38.40 65 181
1956 2732 2B&61 129 237.16 160 154
1957| 1508 1171 ~337 30.25 81 254
1958 3350 2914 -436 285.60 138 220
igce|” 1p14 12328 274 49,00 78 91
1860. 1213 1306 93 49,00 B& iis
1561 1136 1230 94 49.00 77 152
1962 1804 2495 591 259,21 104 76
1963 2651 1440 -1211 10.89 124 378
1964 |° 1169 1208 39 53.20 72 127
1965 2264 1879 ~385 75.69 138 196
1966 1324 . 1515 191 100.00 81 89
1867 3042 2589 -453 166.41 169 283
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APPENDIX G. CGRAPHICAL REPRESENTATION OF HIS-
TORICAL BEHAVIOR OF RESERVOIR
STORAGE AND SPILL AT ORCVILLE,
1968-1973

This appendix presents in graphical form the histor-
iéal behavior through time of the volume of water stored at
Oroville Reservoir and the amount of spill that occurred. If
the volume of water in storage exceeds the volume shown under
the daily ground wetness index, then flood contrcocl regulations
regquire that the water volume above the daily ground wetness
index be spilled. The amount of spill is indicated by the
bottom sections of Figures G.l1 through G.6.
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G.1 Oroville Flood Control Diagram, 1973-1974
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APPENDIX H: ~THE APPLICABILITY OF SATELLITE-
 DERIVED INFORMATION TO MAJOR
RESBRVOIRS IN THE UNITED STATES

H.1Ll Description of Background, Findings and Necessary
Conditions . for the Applicability of Remote Sensing

H.1l.1l. Introduction

Broadlyrspeaking, two general approaches may be
taken to the evaluation of the applicakility of remote sensing
to runoff forecasting and reservoir management. Oneﬁis the
intensive investigaﬁiog‘of the équrces of error in a single
reservoir-management médei or in a few such'modélé; by meahns
of a computer simulation of resexvoir operations or SLmllar
methods. This is the approach that has been followed in the
main body of this report. Another.ls the extensive investiga-
tion of the general characte:istics df é large number of res-
ervoir systems, with the object of setting upper and lower
bounds to the posszible benefits of Widely distributed informa~
tion derlved from remote sensing.

Though- this appendlx can be classmfled in the second
category, it should not be viewed as lndependent of the case
study to which it is attached. Rather, the Feather River case
study suggests a number of necessary conditions which a reser-
voir system must satisfy if remote sensing is to be applicable
to its management. Other such gonditions are set by the tech-
nical capaﬁilitiQS'of appiications satellites (e.g., their
capability for . long-range weather forecasting) and by the in-
formation requirements which follow from certain physical
parameters of reservoir svs?ems (e.g., the ratio between the
capacity of a raserv01r and Lhe mean annual streamflow of the
rivei‘at‘thaf'pOLnt). Thls appendlx reports the results of &

strvey of all the major reservoir systems in the United States

S H-L




with respect to thé‘éxtént‘to-whiéh~each'sYétemVSatisfieﬁ a
half- dozen such generally necessary condltlons for the appllc—
ability of applications satellites. No attempt is made to

determlne if any such system meets. suff1c1ent condltlons f01

such appllcablllty. That determlnatlon can be made only by
further case studies of the scope of this report. It is hoped,
“however, that_this appendix succeeds in shdwing-where;sugh--
studies might (and might not) prove fruitful. ,

The dlscusslon Wthh follows is restrlcted to major
- U.s. reservoix systems. For the purposes of this- appendlx, a
"major" reserveoir is regarded as one which either (a) has a
gross storage capacity of 1 billion cubic metexs (810,700 °
acre~-feet) or more, or (b) has an installed hydroelectric
capacity of 200 megawatis or more, 6r (¢} produces an average
of 1,000,000 megawatt-hzurs or'more.annually, or has some com-
bination of these characteristics.

The most_promising-area for the application of remote
sensing to reservoir operation is the forecasting of inflows
inte reservoir systems. Because LANDSAT-type satellites are
inap?ropriate to-ﬁeather forecasting, their usefulness for in-
flov forecasting is limited in practice to those regions where
snowmelt contributes significantly to such inflows. Together
ﬁith the conditions on size, mentioned previously, this condi-
tion'fQSfridts.Ehe discussion which Follows to reservoirs in
six major Western regions: +the Upper Missouri Basin, the
Colorado Rivexr Basin, the Snake Rivexr Basin, and the Southern,

Middle and Northern Pacific Slope Basins (see Fiyure H.I1.1l).

H.l.2 Findings

o e

Of the 57 major reservoirs in the six Western regions

considered, only 8 ("Category I") clearly meet certain funda-

mental necessary conditions: for the applicability of remote -
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HAWAII C)
and Pacific
Territories.

Figure H.1.1 Map of Major American Basins, Showing U.S. Geological
Survey Regional Designations. §

Note: Reservoirs discussed in Appendix H are Located in
Regions 6,9,11,12,13 and 14.

Source: U.S. Geological Survey, Surface Water Supply in the
United States, Part 1, Volume .l, Geological Survey

Water-Supply Paper 1901, Washington, 1969, p.S8.




sensing (not including meteorological capabilities) while
another 14 ("Category II") constitute marginal cases. Remote
sensing which does not include a weather-forecast capability
is considered inappropriate to reservoir management in the re-
maining 35 ("Category III") cases.

It should be emphasized that this categorization is
based solely on the half-dozen conditions outlined below. A
Category I reservoir system may be shown on othef grounds not
to have potential benefits derived from remote sensing, and
conversely, special factors may occasionally ovexrride a classi-
fication in Category III. The Oroville Reservoir, for example,
though it is included in Category I, has been shown (for
reasons given in this report) to have relatively small expected
benefits from remote sensing.

The 21 members of Categories I & II other than
Oroville produce an average of 27,754,000 MWH/yr of hydro-
electric power, which is 10.8% of the average annual genera-
tion of all U.S. hydroelectric installations.l However, most
of this power is produced by the 14 "marginal®™ plants in Cate-
gory iI. The average annual generation of the 7 Category I
plants other than Oroville is 5,453 MWH/yr, or 2.,1% of nation-
wide hydroelectric generation and 6.4% of the hydroelectric
capacity of the 57 reservoir systems examined here. While it
is not possible on this basis to make specific benefit projec-
tions, it follows from these results that at most a small
fraction of American hyvdroelectric installations would be
significantly affected by the widespread use of data derived

from remote sensing (not including a meterological capability).

1 . .
These figures represgsent average annual generation as of

January 1, 1972. U.8. Federal Power Commission, Hydroelectric

Power Resources of the United States, Developed and Undeveloped,

Washington, D.C., 1972, pp. 1, B80-97,
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The data on which these conclusions are based are
summarized in Tables #H.1l.1l, ».1.2, and H.1l.3. Details on res-
ervoir manacgement parameters,; streamflow patterns and climatic
conditions of the 22 Category I and Category II reservoirs are

provided in Section H.2.

H.1.3 Necessary Conditions for the Applicability of
Remote Sensing

The use of LANDSAT-type remote sensing for reservoir
management can be expected to produce significant benefits
only when the following caonditions (among others) are met:

{l) relatively high ratio of annual snowfall to Spring pre-
cipitation; {2) relatively high variability of inflows; (3)
the existence of tradeoffs between competing reservoir func-
tions; (4) reservoir storage capacity which is more than a
small fraction of mean annual runoff. These conditions, and

the variables used here to measure them, are discussed below.

H.1l.3.1 Jrecipitation Patterns

~

As the Oroville case study indicates, the usefulness
of improved snow-survey information to reservoir management
decreases as the magnitude and variability of Spring precipita-
tion increases. The ideal climatological pattern for remote-
sensing applicability is one in which much more precipitation
occurs as snow between October and March than occurs as rain
between April and July. {This seasonal division follows that
employed by the California Seasonal Forecast Model). Because
survey data on monthly snowfall were not available in the
appropriate form for most of the basins examined hexe, this

study has used the ratio

total Winter precipitation (October - March)

total Spring precipitation (April - July)

H~4

e ——




{hereafter W/S)} as an approximation. Since not all Winter
Precipitation occurs as snow in the Western basins, this ratio
will consistently overstate the ratio of snowmelt runoff to
Spring precipitation. A low value of W/S will therefore be a
strong indication that improved snow surveys would probably be
of limited usefulness to reservoir management in the basin in
question.

This parameter varies widely from one basin to another.
In the Northwest Missouri basin, for example, W/S averages about
.6. Since W/S is based on precipitation for six Winter months
and four Spring months, this value is only 40% of that expected
for a region with a "flat" precipitation pattern (see Figure
H.1.2). In most California basins, on the other hand, W/S
averages about 6.0, or Ffour times that expected for a region
with no seasonal differences in precipitation. It is signifi-
cant that, despite the relatively high W/S (5.76) of the
Sacramento basin, in which Oroville is located, it is from im-
proved forecasts of Spring precipitation, rather than from more
accurate snow surveys, that a decrease in runoff forecast erxrror
early in the season is to be expected. Since reservolir systems
vary regarding the present accuracy of snow-cover measurement,
this result cannot simply be extended to all other basins with
W/S equal to or less than Oroville's. However, the probability
that improved snow-cover measurements will result in signifi-
cant benefits decreases as W/S decreases. It is assumed that
a value of W/S of less than half of Oroville's (that is, about

2.9) is prima facie grounds for classifying a reservoir in

Category II. When W/S < 1.5, which implies relatively dry
Winter and wet Spring weather, probable benefits from remote
sensing are considered to be negligible. %W/8 < 1.5 is there-~

fere interpreted as prima facie grounds for classification in

Category III.
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Precipitation figures used in this appendix are based
on mean precipitation in the State Climatic Division or Divi-
sions in which the reserxrvoir's primary drainage is located.
Since most of the reservoirs treated here have extensive drain-
ages, some such area-wide approximation is necessary. However,
given the considerahle local climatic differences in most of
the Western U.S., the unavailability of appropriately weighted
data for a reservoir's precise drainage area may sometimes re-

sult in significant distortions (see Figure H.1.3).

H.1.3.2 Variability of Inflows

Phree different measures of inflow variability, ére_
employed in this appendix: the maximum coefficient of varia-

2]

tion of monthly inflow for months of peak flow N max

-

the ratio of five-year peak monthly inflow to mean monthly

runoff (Max. inflow) ; and the ratio of five-year peak in-
MMR /

crease in reservoir contents to mean monthly run-off Ac .
MMR
(YRunof£f" and "inflow" are here used synonymously). These
H
measures of variability are examined in the following three

sections.

%
H.1l.3.2.1 ﬁ-‘- nax

i

Mi = Mean of monthly runoff into reservoir
for the i-th month over a five-vyear
reriod

a = gtandard deviation (unbiased} of

fte

monthly runoff for the i-th month

over the same period.
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Data for this parameter are obtained either from USGS
gaging stations on streams flowing into the reservoir or from
stations near the damsite. In the latiter case, readings for
years prior to the dam's ceonstruction have generally been
used. Data from stations downstream of the dam are employed
only when the dam's storage capacity is 1% or less of mean
annual streamflow and hence could nolt grossly distort monthly

streamflow patterns.

o, g,
[ﬁi] max is the value of ﬁ£ for the month in which
i i

o,

ﬁi is at a maximum, subject to the constraint that Mi in this
i

'expression must equal or exceed the median value of Mi for all
values of i (1 < i < 12).

g.

ﬂi max i+ thus a measure of the year-to-year
i

variability of flow for that part of the year when runoff is

o.

i . . . i

heavy and variability is at a (constrained) maximum. o
I -

il max

provides a measure of the unreliability eof xunoff predictions
based solely on historical trends.

o.
Like W/S, [—é] might be expected to correlate
max

M,
positively with expected benefits (if any) to reservoir man-
agement of LANDSAT-type remote Sensing. Among the 29 res-

ervoir systems for which this datum is available, the mean

g, o,
value of [ﬁ-—l— is .57; its O is .35. A value of ﬁi |
il max i | max |




of .25 or less implies exceptionally low year-to-year vari-

ability of streamflow, and is interpreted as prima facie

evidence for classification in Category II oxr IIIX.

Max. inflow
MMR

H.l.3.2.2

Max inflow largest recorded 30-day inflow into
reservoir or (or unobstructed stream-
flow at damsite) in a given S5-year
period (water years 1961-65 unless
otherwise specified)

MMR = mean annual runoff + 12

ag.
Unlike ﬁi which 1s a measure of vear-to-

il max
vear streamflow variability, this parameter is essentially a

measure of the magnitude of peak flows. Other things egual,

Max. inflow
MMR ’

the greater the value of the greater the f£lood-

control margin a reservoir manager must allow in order to avoid

unnecessary spills or exXcessive discharge rates. However, a

Max. inflow

large value of in conjunction with az moderate

MMR !
9i
value of Mo ; indicates large but predictable seasonal
i{ max
variations in flow. TFor Categoxy I and II reservoirs, Section

H.2 provides details on the monthly streamflow patterns on

which these parameters are based.

The mean value of Max.Mggflow for the 29 reservoirs

for which this parameter is available is 3.44, with a ©

e



Max. inflow

{unbiased) of 1.26. A value of MR of 2.18 or less

indicates exceptionally small positive deviations from mean
streamflow,; and correspondingly small expected benefits from
improved streamflow forecasting. A value of 2.18 or less for
this parameter is therefore grounds for classification in

Categoxy IT or IIT.

Ac
J1.3.2.3 —
H 3.2.3 MMR
Ac = Maximum 30-day increase in reservoir contents
in a given S5-year period (WY 1961-65 unless
otherwise specified)
MMR = mean annual runoff + 12
This parameter is given in place of Max.M;Eflow
in cases where the availability of data dictated this. In
general, though a large value of E%R implies large peak in-
flows, the converse is not the case. A standing reservoir-

management policy of avoiding large fluctuations in reservoir

level would result in low values of %&R whatever the varia-
tions in inflow. Hence the significance of small wvalues of
Ac . . . . .

MNMR can only be evaluated in conjunction with other informa-

tion on reserveir operation. For this reason, no threshold
vailues for reservoir classification have been established for

this parameter.
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H.1.3.3 Tradeoffs Among Reserxrvoir Functions

Other things being equal, improved information is of
much greater value toc the management of a reservoir system with
tradeoffs among competing functions than to that of a single-
purpose reservoir or a reservoir whose functions are comple-
mentary. The existence of significant tradoffs therefore con-
stitutes one criterion for possible remote-sensing benefits to
reservolyr management.

With a few exceptions,; every major Western reservoir
has as its primary function either hydroelectric power genera-
tion, flood control,'iirigation, or some combination of these.
Other functions, such as navigation, water supply, and recrea-
tion, tend to be secondary and noncompeting. BAmong the primary
functions, hydroelectric power competes directly with £lood
control, for reasons explored in this report, whgreas irriga-
tion and hydroelectric power arxe often, thougﬁ ﬁg% always, non-
competitive. Since the flood control season largely overlaps
the planting season in most Western basins, irrigation and
flood control also tend to be noncompetitive functions. For
these reasons only reservoirs with both hydroelectric and £lood

control capability are considered prima facie candidates for

Category 1I.

H.1.3.4 Storage Ratio (SR)

The storage ratio is defined as the reservoir storage
capacity divided by the mean annual runoff. A reservoir with
a storage ratio of .1l thus has a capacity approximaiely egual
to the average runoff in a five-week period, The storage ratio
sets limits both on the range of possible reservoir functions
and on the options available to rese;voirvmanagers. In extreme
cases, such as Rocky Reach Dam and reservoir on the Columbia

.001), the daily flow through the dam exceeds the

I

River (SR




reservoir's storage capacity. Dams with storage ratios of this
magnitude can serve as hydroelectric generating étations or as
diversion dams for irrigation, bui have negligible'flood‘con~
trol reservation space or storage for irrigation, Significant
seasonal displacement of hydroelectric generation frpm veriods
of peak inflow to periods of peak demand is impossible for the
same reason. The benefits to reservoir management of improved
runoff information are correspondingly small. For the purposes
of this survey, a storage ratio of .05, which represents the
eguivalent of a total change of reservoir contents every 18
days, is considered to be the minimum value at which signifi-

cant remote sensing benefits might be expected.

H.1.3.5 Peak Storage as a Fraction of Reservoir Capacity

M(maxima)

T measures the average maximum fraction of
Capacity

total storage capacity attained in five consécutive.water

vears (1961-65 unless otherwise stated}. Ttg value sometimes
exceeds unity because reservoir storage capacities are generally
stated in terms of a “normal maximom" level, e.g., to the top

 M(maxima)

of spillway gates.  When Capacity

.8, there are grounds

for holding that either (1) the reservoir's capacity exceeds
reserVoir—managémenﬁ requixements'td guch an extent that there
are no operative tradeoffs betweén.flobdmcontrol objectives
and other reservoir functions{ or (2) flopd control takes a
clear priority o#ef 2ll otherx kesef#bi#—maﬁégément objective5.
These hypotheses may be tested by reference to measures of

streamflow variabilityvand'hYdrdélecfric,bépécity}-@hich pfb¥'”

~vide evidence of risks of flooding and of the extent of com-

peting demands on reservoir management, respectively. In the

absence of evidence to the contrary f£rom these sources, a value

of .ess than .8 for this variable is taken as evidence that

H-11




Do

the reservoir's capacity permits joint'maximizatioh of hydro-
powexr and flood-control objectives, and hence that one of the

prima facie conditions for classification in Category I is not

satisfied.

H.1.3.6 Summary of Reservoir Parameters

Tables H.l.l, H.1.2 dnd H.l.3 suvmmarize major U.S.

reservoirs in terms of the above parameters.

B~-12
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sl 2] Table H.1.1 Reservoirs Moeting Certain Necessary Conditions for
8 E the Applicability of Remote Sensing (Category I) -
o ?- Capacity, | .Average g3 Ac Moun
q l-u acre~ft x | Annual it lmax | Nz (dS Storage | Mimaxima) Annual w "
b Rcservoir Naze Purposes 1000 Generation,|l'd o o Ratio Capacity Precipication, s
-t v -5 AN '
Q and Location JMWH x1000 max_inflow Inches
= ta) (b) (e maR . ey | () (g) (h)
&8 CALIFORNIA BASINS
| (Rejien 11} B
Ciaiz Engle Lake IHF 2448 409 NA 5.09(d) 2.1 .99 41.48 6.26
Trinicy River
Lewiston, Cal.
Talsom IRF 1010 702.7 NA L.4514d) 4 »97 39,52 5.76
xrerican River R
folson, Cal.
New Excheguer IHF 1026 363 .83 1.37{e) 1.1 NA 20,56 6.37 5
{Lake McChise) :
Merzsed River
Sn2lling Cal.
New Bullards Bar HP 930 500 1.48 6.11(e) .8 NA 39.52 5.76
o (New Colgate R
1 Gen, Sta.)
- Marysville, Cal. i
N .
o1} Ozoville IRF 3485 2858 1.29 1.84(e) .8 NA 39.52 5.%
Feather River SR :
Greville, Cal.
Shasta INP 4492 1727.8 ' |NA t.411(d) o7 .91 39,52 5.76
Sacrarento River N
Redding, Cal.
NORTLCRH PACIFIC
rpc 3 |
e (HF 1405 700 NA 1.23(4) S8 1,000 90,54 4.44
Skzagit River R
Noewnalem, Wash.
Mozuyrnck HE NA 1050 .72 .27 (e) 7.38 1A 63.15 4.26
(Levisson Lake) R .
Cowlitz Piver o5
#nrten, Wash. ' i
{z}  Feglon nunvers relar to USGS designations (sce Pig. M.1.1) (e) Sce secuina H.1.3.2.2
(o) I = irrigation; H = hydroelectric; F = flood control; (£) Secc section H.1,3.4
- F = renreation: 5 = nonagricultural water supply; N = navigation (q9) Sce section H,1,3.5
{c)  See zectlion H.1.3,.2,1 (h) Secec section H.1,3.1
(é) See suction H.1.3.2,3 NA = Not available
2 B o - o
e 3
— = b . i i , ' 7 e ; PO R e el




Table H.l.2 Reservoirs Hoving a Marginal Probability of
Significant Benefits From Remote Sensing {Category 1X)

9 100d J0
FTYNIOIRG

Capacity, |.A\verage rﬂi Le “ean

; acrc~ft x | Annual —_— — (3} [Storage | M{naximal Annual ®

gg rRegervolr Hame Purposes LoGe Gencration,_“i nax | LA Ratio Capacity Precipitation, 5
b *né Lezztien NWH x1000 or iaches
%ﬂ [y nac inflow

=l 12} () (ci WIR (e) () (g3 th)
bt
E5 ﬁ CLLORALG BASIN

freacian %)
Bluie Yesa 1HF G941 280 .77 4.92(4) .9 HA 6.9 1.55
Suaninen kiver -

“unnisen, Tle

CHLIFDRNIA BASINS IH 1036 358.9 NA 1.60(4) 1.0 .72 39.52 §.76
{fagion 11} '
Alpanor

H.7., Feather
creville, Cal.

= Hwacicello I 1602 0 NA 7.45{d) 4.7 .90 39.52 5.76
! Lake Serryesses) [ .
[ d Putah greak .
Eﬁ faczanmenta, Cal. v
H2w Zon Pedro 14 2030 598.4 .91 2,16{e) 1.1 WA 20.56 6.37
Tuslurne River
Latrsnge, Cal, "
Fina Flatg b4 1013 ‘o NA 1.43(4) N .67 20.56 6.37
¥irgs River
Fesnoe, Cal.
KRIOZTEERN PACIFIC T#? 940k 18330 NA L12(a) .06 1.00} 20.53 2,23
SLGPE (Rogion 12} )
Grand Coulen
Caluzbia FRiver
Coulue City, Wash. '
Fungry, Hsene IHF 3468 843 NA T.41¢d) 1.5 1.004 19.64 1.52
Flat.cud River
foram “zntana
{a) Region nunbers refer o USGS designations {see Figu+e H.1.1) fe) See Scction H.1.3.2.2
thy I » irrigation: H = hydroelectric; ¥ = f£lood control: R » jocreationy; (£} Sce Seczion H.1.3.4
S = repagricultural water supply; ¥ = navigation (¢) See Scetian H.1.3.5
» {c} 3ee Soctien H.1.3.2.1 (h} Sce ESogtion H,1,23.1
{d}) Sce jection B.1.2.2.%

KA = Not available
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Tabla .1.2°

Reservoirs Having a ftorvginal Probability of
Significant Beneflts From Remote Senning {Catngory 1rif{Consineed)

Raservoir Nanhe
and Loznaxion

{1]

Ccapacliey,
acre-ft %
Lo00

Average
Annual
Seneratien,
KuH x1000

LE
) jmax

{e)

4

I

-8

torage

Ratio

Capacicy

{g)

Mimaninal

Mean

Annual
recinttation,

Inches

wa

WORTHERN FACIFIC
§1.0Pg (Region 12)
icon' )

Yerv

Flathead River
Polsen, Hontana

Albopi Falls

[Fead Ozeille
Lake}

fend Oreille River
Hope, 1dahe

SNAHE RIVER
2AGIN (Begion 13)
Jackseon Lake
Snzkxe River

Yalp Stew

Moran. wWvo

Azerigcan Falls
Snaxe River
Main Steom
An:rlean Palls,
Idaho

take Qwyheoe
Ccwyiee Biver
Adrian, Oregoh

Brownlee
Snake River

Canmbridoce, Ydaho

Iur

HF
iR

IF

o

A

1791

2462

Ba7

1700

1122

1427

1100

2235

NA

BA

HA

RA

RA

NA

1.541{d)

23104}

3.65t4)

L76(d)

2.98{4}

.58(d)

.06

W3

1.003

83

1.012

19,04

le.04

24.38

24.38

16.62

1.62

1.59%

lL.89

(e}
tar

e
cC

LU

ecion numbers zefer to USGS designationa {sec Pigure H.1l.1}
= lrrigations H = hydrowvlectirie; F » [lood conkrol: Rt =
s ponaericultural water supprlys; ¥ = navigation

seetion H,1.3.2.1
Seetion MH.1.3.2.3

tncrention;

Sa2e
Sco
See
Sece

NA = Not

geetion H.
Section N
Section
Secmigh M.
available

h
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Table H.1.2

Reservolirs Mavirg a Marglnal Probability of
Significant Bencflts From Remote Sensing (Category It)/(Continucd}

Czpacity, | .verage ;II'AD‘;_ Ac . Monn
acre-f% = | -pannual '?— nax | Frn {d} | Storage | dimaxicma) Annupl "
Reservelys Nane Purposes 1930 Generation, L L) o or Ratlo Capacity precipitation, s
ios 42 x 1000 " s
and Location i mix_inflow Inche
‘fad {h) {c) BMR (o) £} {g) (h}
Paliszdes IHE 1400 610 HA 1.52(a} . 3 .925 24.38 1.95%
Snyee River g
Irwin, Idzhe
{a) ARegion nunbers refer te USGS designoations {see Figure H.1.1} (e} Sce Sectign H.1 2.2
{b} I = irzigation; H = hydroeleectrie; F = flood control; R = yacreatien; (f} See Saction 1,1,3.4
5 «» nonagriculsural water supply: ¥ = navigation (g} See Sention H.1 5
ye)  Sege Sectionm H,.1.3.2,1 [(h) See Section H.1 1
{4} Seoe Section H,1,3.2.3 o= Not available




Table H.1.3 Reserveoirs Falling to Mect Certain Nezessary Conditions
for the Applicabillity of Remote Sensing (Category III)
.Lapacicy, |.Average G 4cC Hean
agre-~ft ¥ | Annwal o ER {d) | Storage | Bimaxlina) Annual w
Pezazveir lNane Purposes . Lcoo Gonczation,| i M8¥ " ox Aatio Capacitcy Precipitation, s
and Lzozarion Mwi x1000 nax_irflew inches
{2) {b} {ec} MR (e} £3] (g} (h)
MIS50UR: RIVER
BASIH
{3agicn 6} .
Bighorn Lake IHF 1375 910 .69 3.94{e) .5 R 9.66 .57
{fellowtail Dan)
Bigharn River
Hardia, Montana
Beysen Reserveolr IHE B20 81 +68 7.02{e} .8 .96 9,66 « 57
Hind RAiver N
Trhermopolis, Wyo
=
| Carnyon Fazrcy IHF 2051 330 NA L.42(d) ) 06 14.28 .78
= Hisssuri River 5R
N Yowasend, Montana -
o .
Frzt Peck IHE 19140 960 NA 3.02(d) 2.0 .71 14.13 ° .53
Kizsourl Hiver NR
Fart Feck, Montana
Fert Zaadall I4r 5108 1503 NA .70 (4} «3 .89 16.41 .41
{Lake Francis NR - . ’ .
Casel Hissourl
River
¥inxton, 5.0
Kingsley I+ 1948 0 HA 1.74(&}) 1.8 . .85 13.33 .59
{Lakes NecConnughy)
M. Platte Piver
Zeystane, Heb.
ta) #Region numbers refer to USGS designations (gee Pigure H.1.1l) {e) Sce Section ¥,1.3.2.2
{bl] T = irrigations M = hydroelectric:.F » flood control; R = yecrention: (£) Sece Secetion #.1.3.4
% = nopagrlcul4ural water suprly: K = pavigation (g} 5See Section H.1.3.5
(e} See Section H.1.3.2.1 (h} See Scetion H.1l.3.1
(&) Sec¢ Scction H.1.3.2.3 NA = Not available
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Tablie H.L.3 Reservoirs railing 'o Meet Certain Necessary Condizions
for the applicability of Remote Scnsing (Cacegory ITIINContinned) k
Lapaclty, | -Average g1 &AC . Mean
acre-ft x| Annual 1l max | ®an {d} | Storage | Ximaxina) Annouwal W
feserevols Hape Purposes . loog Generation,}iiy " l Ratio Capacity Precipitation, s -
and Location £WH x1000 or Inches g
o< max_inflow
k=i :,3 {a) [$-}] {c) HHR {e) {£} (N (h}
g G2 .
8 E. Gahe 1y 22530 2027 .38 1.50(c}) 1.4 A 14.13 +54
Hissouri River NR
L] g Pierre, S.0.
. ek *
w0 o Paznfinder 1 1016 232 NA 1.25(d) 1.2 .34 13.33 .59 ;
C'| ;’D {Fra=snt Canyon :
Gj Fowcrplan=z)
m H. Placte River
. Casper, Yyo
toee) E’?& Garrison IHE 23210 1886 NA .16(d) 1.8 .68 14.13 .54
{Lake Sakakawea) HR
— misosurl Rivor . . N
'-1"‘ kiverdale, .0, . -
= Seaince I 1011 131 NA 3.37{a) 1.1 .61 13.33 .59
b . Platte River
kb Rawlins, Wyo.
Btz Buand HF 1725 871 64 1.40 (e} -1 RA 14.13* .54+
®isscuri River R . * :
Chamberlain, 5.D.
ciber IF 1368 Q b9 2.64(d) 1.2 W67 13,07 1]
sarias River R
Chestar, Yountana
COLCRADD RIVER
BASIN
(Fagion 2} . .
F.aning Gorge IH 3789 600 1.34 5.45(4) 2,3 NA 10,29 1.34 )
Graen Piver R
Venal, Utah
{a) fegion numbers refer to USGS designations (see Figure H.l.L} {e] Sce Secceion H.1.3.2.2
(b) I = irricasion: H = hydroelectric; ¥ = flood controly; R = reereation; {£} See Section H,1,3.4
€ = nenagricultural water supply: N = navigation {g) See Section H.1.2.5
{e} Sece Section H.1.3.2.1 [ See Seczion H.1.3.1
{d} Zee Section H.L1.3.23.3 KA » Not available .




. Table H,1.3 Reservolrs Pailing to Meet Certpin Hecoagsary Conditions
for the Applicability of Remote Sensing {Categeory III)}{Continued}
Capacity, | Average o4 ac : Mean
cere~£4 % | Annual o TUR {4)| Storage [ M({maxinn) Annual W
Reseryeir Hame Purposes | . 1000 Gencratien,|l 1| Ma% | or Ratio Capacity | Precipitation, 5
> [
epd Location MUWH x1000 max inflow Inches
(2} [9-3] {c) ¥R (e} 183 (g} {h)
Glen Canyon IHF 27000 3100 .86 2.38{dy i.6 Ha 8.3z 1.18
Colorade River R
Page, ariz .
Hoover Iyr 29827 4111 RA 1.05(e) 2,2 .87 8,32 1.12
{Lake Mead) NS
Calgozado River
Boilger Clcy,
. AzizeNev.
o Davis ™" 1818 1178 A .26(e) .2 .99 B.32 1.1
[ {Lake tohave) .
[ Colarade RAlver
b Ringnan, Ariz
a .
NCRTH PACIFIC
SLGPL
{fRogion 12% .
Soundary H 94 3575 .31 3.68 . 005 KA 19,04 1.52
Fend Orelille R ) . .
River ' L
Nesaline, Wash
Cabinet Gerge H NA 1090 .30 4.28(e) L0032 KA 12,04 1,62
Clark Forh March
Clacx Fork,
Icahe
Chief Joseph HIF 516 8550 BA .01 ¢a} . 006 1.004 20.53 2.23
Colucbia . . N
sridgepert, Wash
{21 Reguon numbers zefer to USGS designations {mee Figure H.M.0) {e) See Section ¥.1.3.2.2
s} I = irvigationy H = hydroelectricr F = f£lood control; R = ;ecreation: {f]) See Soction H.1.3.4
S » ponagricultural water supply; N = navigation {g) Seec Beetison H.1.3.5
{¢} See secticon H.1.3.2.1 fh) See Scczion H.1.3.1
{d) See Sactlon H.1.3.2.3 tin = Kot avallable
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Table 1.1.3

Regervolrs Failling o Meet Cortain Necessary Conditlons

for the Applicabili:y of Remnte Sensing (Category IIIMContinued}

&0

w004
N DrEd

B

R F IV

o, movd

YZT~-H

Capacliy, |.Average oy Ac ®aan
pexze-£t % | Annual w7 |max | ERR {@) | Starage | M{maxima) honual
Reservoir Nane Purposes loo00 Grnerationgb i i or Ratio Capoucity rrecipitation,
and Locazion MW 21000 . Y
¥ max_inflow Inches
1£-3] (b} {c} HHR te} (£} (g}

Noxon Rapids H 496 1776 HA .125¢{a: .03 .999 19.24
Clark Forx
Noxcn, ¥ontana
Priest Fapids HFY 199 5256 .24 3.43({e) .to2 NA 20.53
Coluxbia River
Severly, Wash
Pocv Island H 9 1345 .24 ‘3.76({e} <.00L HA 20.53
Columbia River R
Wepacchee, Wash .
Beoky Reach H 10 5797 .25 3.76{c} .001 NA 20.53
Colusbia
wenatchee, ¥Wash
“anapum ur 669 5580 .24 3.43{e} .008 NA 20,53 »
Culunbia River w
3everly, Wwash.
Wells N H aoa 5870 +25 3.76 (e} .003 Ha 20,53
Columbia River .
Chelan, Waoh,
Hells Canyon H 170 1973 .67 1,05(e) 013 wA 16,62
Snake River
Homestead, Orxe.
Ice Parber Iy 406 2050 .55 3.13(e) .01 HA 27.6
Snake River Ha
Pasco, Wash. *
Little Goose IH 565 2360 .48 3,34(e} .015 HA 27.6
(La%e Sryan) WR
Zaake River A
®alla ~zalla, Wash
(a2} Regfon nunmbers refer to USGS designetions [(gee Figure H.oL.l) (e} See Scction H.1.3.2.2
{b} I = irricotion: R = hydroelectric: F = £lood control; r vocreation: (£} See Sectien 2.1.3.4

S = nonagriculiural water supplyr N = navigation {g) See Section H.1.3.5
e} :eeo Scction H.1.3,2.1 (h} Sce Section H.1.2.1
{¢) Sec Section H.1.3.2.3 ¥A = Not available
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Table H.1l.3 segervelrs Fallinc to Mect Certain Neceasary Conditions
for the Appllcability of Remote Semsing (Category ITIN{Centinbed)
e —— U Y e — —ee e
Lapacity, | .Average a3 Az v i
) acre~ft x| Annual o — - ¥ean
Reservels Keme Purposes | . 1000 Generation,|[ i) mex | ¥R {@) | storage | lilmaxira) | Annual s
ard Location - tH %1000 ' or Ratio Capacity Precipitation, B
ta) (5 max inflow Inches
{c} MMR {e) (£} (g} ) o
Lower ‘Monunental IEP 376 2410 .48 3,.24(c) .01 HA 27.6 2,22
3nake River b
walle Walla, %Wash
Cxbow H 53 1033 W67 3.05(e} .004 Na : 16,62 2.34
Snake River -
Canlridge, Tdaho
MIDDLE PACIFIC
SLOPE .
. [Recicn 14}
Beaneville H 7139 4780 .28 2.99(e) .005 NAa 12,789 ) 2.05*
— Colunbi» Fiver N -
1‘ Porsland, Ore
-;; The Dalles (Lake H 333 8080 .29 2.29{e} .002 NA 12.78 2,05
e Celilo) Colunbia ¥R .
River
The Galles, Oxc
John Day IFH 20640 10400 .29 2,99(e) .028 A 12.7%8 2.09
{Lake Umatilla) HR oL
Colunbia River .
The Palles, Ore
Hetary IFH 1350 6720 .21 2.46(e) .01 HA 12,78 2.05
Colunbia River HR .
Umatilla, Cre
¥ouné Butic H 533 246 .31 L.82{e} L 17 hhY 64.17 3.88
{Lake Billy
Chinook)
Deschates River
sagras, Qre
ta) Region nunmbors refer to USGS designations {sec Figure H.1l.1} {e) Sce Section H.1.3.,2,2
{5) I = irrigasfion; H = hydrocleetricy T = flood contxrol: R ® pecreation: {(£) Seec Scction H.1,3,4
8 = nonagriculturel) water suppiyr M « navigation (g} Sce Section N.1.2.5
{e) Seec Section H.1.3.2.. {h) Sce section H.1.3.,1
(¢} Sece Section H.1,3.2.3 kn = Not avallable
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fTable H.1,3 Regervolrs Failing to Meet Coriain Necessary Conditions
for the Applicability of Remote Sensing {(Category IXI) {Continued}
£Lepaclisy, | Avorace oy A Moan
acre~£t # | Annual T nax | Fir {d} | Storage | Mimagina) Anneal Lt
Regervolir lame Purposes . 100D Generation,|i i " or Ratio Capacity Precipitotion, s
and Loz Mwn %1000 :
nd Lozation Wi x max inflow Inches
tz} {b} {c} MHR {2} (£) (g} {h)
Swift No, 1 H 155 642 HA .12(d) .4 1.00 63.15 4.26
Lewis
Cougar, ¥ash,
{a} Kegion nunbers »efer to USGS deslgnations (see Figure H.1.1) ) {e] Sec Secetion H.1.3.2.2
{} I @ irrigationy M = hydreecleetricy F = flood controlyr R = yperxeation: {f£) See Section R,1.3.4
S » nonagricultural water supply; N = navigation {g) See Scction R.1.3.5
{c} Sce Scetion H.1.3.2.1 {h} See section H.1.3.1
{£) Sce¢ Section H.1.3.2.3 HA = Not availshle




H.2 Parameters of Category I & ITI Reservoirs

H.2.1 Introductory Note

This section presents details on stream flow and/orxr
reservoir operations for the 22 American reservoirs which have
heen classified in Categories I & II. Category I includes
those reservoirs which clearly meet each of a half-dozen nec-
essary conditions for remote-sensing applicability described
in Section H.l; the members of Category II are marginal cases.

Unless otherwise noted, the information in this
section is based on data presented in the following sources:

U.5. Geological Survey, Surface Water Supply
in the United States 1961-65, 37 vols., Geolog-

ical Survey Water-Supply Papexs 1901-1937,
Washington, 1969-71 (WsP)

.5. Federal Power Commission, Hyvdroelec-

tric Power Resources of the United States,

Developed and Undeveloped, January 1, 1972,
Washington, 1972 (FPC)

International Commission on Large Dams,

World Register of Dams, Paris, 1973 (WRD)

Martin, R.O.R., and Hanson, R.L., Reser-

voirs in the United States, Geological Survey

Water Supply Paper 1838, Washington, 1966 (RUS)

U.S. Department of Commerce, Environmental
Data Service, Climatic Atlas of the United
States, Washington, 1968.

These sources are cited in the te;ﬁpby the abbrevia-
tions given above. The citation WSP 1925: 205-207 refers to
pages 205-207 of Water Supply Paper 1925, which is volume 25
in the Geological Survey Serxies cited above. Where data from
USGS streamflow gaging stations is included in the text, these

are cited by USG5 gaging station numbers, e.g., USGE 12-0431.

H-13
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This appendix also follows the USGS division of the United
States into 16 drainage regions; where regions are referred
to by number, the USGS regionél designation is understood.
Ficgure H.l.l. shows the borders of these regions. When dif-
ferent figures for reservolr capacity or other parameters are
given in different texts, data from the WSP series have gen-

erally been preferred.

H.2.2.1 General Information

(a) Dam or Reservoir Name: Trinity (Clair
Engle Lake)

{b) Region: 11
{(c) River basin: Trinity
f{d) Location: Lewiston, CA. 40°48' x 122°46'

(e} Purposes: irrigation, hydroelectrie,
£flood control

(f} Dbrainage area, mi2: 6886

(g) Total storage capacity, acre-ft.: 2,447,700
Effective hydroeledtric storage,
acre~£ft.: 2,135,000

(h) Storage ratio:r 2.1

(i) Mean annual xrunoff, acre-ft. : 1,165,000

(1) Installed hydroelectric capacity,
kw: 105,556

(F) Average annuwal generation, loskwh: 409,000

(1) Ownership of dam or reservoir: Bureau of
: o ' ' Reclamation

(m) References: WRD 447, RUS 31, FPC 94,
WSP 1929: 590-92 .

H.2.2.2 Precipitation

{a) Mean annual water content of precipitation
in drainage area, in.: 41.48

H-14

[P PR 1)

e A oA b -



Dam or Reservoir MName: Trinity Region: 11

H.2.2.3

H.2.2.4

(b}

(e

(a)

(1) Mean wacer content of precipitation,
Oct.-March, in.: 35.20

{2) Aas fraction of annual precipitation.: .85

(1) Mean water content of precipitation,
Apr.~July, in.: 5.62
(2) &As fraction of annual precipitation.: .14

Oct.-Mar. precipitation

Apr.-Jduly precipitation 6.26 .

Reservoir Management Parameters

(a)
(b)

{c)

(a)

(e)

(£)

{g)

‘Ac (3~vear)

Capacity {(acre-ft.}: 2,447,700

5-year range of reservoir contents (WY1l963-
1965) (acre-ft.) 1,436,000 - 2,548,000

(1) Maximum 30-day increase in contents
(Ae} (acre-£t.) (WYLl963-1963). 494,200

(2} Date: December, 1964

Ac (3-yvear)
Reservoir capacity

= .2 'j

Mean monthly runoff = 5.09

Reservoir exceeded listed capacity in 2 of
3 years (WYLl963-1865).

Annual maximum contents (WY1963-65) (acre—-£t.)

(1) Mean = 2,418,000

(2) Median = 2,454,000 |

(3) o = 153,000 S

(4) Mgan of.annual ygxima_= ;99 .
Reserwzir capacity

(5) fean of annual maxima +10 _ 1.05.

Reservoir capacity

Category: I
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H.2.3.1 General Information

{(a) Dam or Reservoir Name: Folsom Lake

(b} Region: 11

(¢) River basin: American

(a) TLwocation: Folsom, CA ‘38°42’ x 121°09!

(e) Purposes: irrigation, hydroelectric,

flood control, recreation

(£} Drainage area, miz: 1863

(g) Total storage capacity, acre-£ft.: 1,010,300
Effective hydroelectric storage,
acre-ft.: 920,000 ' '

{h) Storage ratio: .4

(i) Mean annual runoff, acre-ft.: 2,500,000

(i) Installed hydroelectric capacity,
kw: 186,480 :

(k) Average annual generation, lOBkwh: 702,700

(1) Ownership of dam or reservoir: Bureau of
Reclamation

(m) Feferences: WRD 407, 411; FPC 94;
RUS 24; WSP 1931: 525-27.

H.2.3.2 -Precipitation

(a) Mean annual water content of precipitation
' in drainage area, in.: 39.52

(b} (1} Mean water content of precipitation,
Oct.-March, in.: 33.3L

(2)- As fraction of annual precipitation.: .84 .

{c) (1) Mean water content of precipitation,
Apr.-July, in.: 5.78

(2) As Fracvrion of annual precipitation.: .15

(d) Oct.-Max. precipitation _
Apr.-July precipitation

5.76.
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Dam or Reservolr Name: - Folsom Lake . Regicon 11
H.2.3.3 Reservoir Management Parameters
{a) Capacity {acre-ft.)}: 1,010,300
(L) S5-year range of reservoir contents (WYlo6l-
: 1965} (acre-£i.) 338,000 - 1,024;400 -
(e) (1} Maximum 30-day increase in contents
{(Ac) (acre-ft.) (WY1S61-1965). 305,800
(2) Dbate April, 1965
(d} Ac (5-~vear) _ :
- : = .30
Reservoir capacity
(e) Ac (5-yearx) : i 4z
Mean monthly runoff "
(£) Reservoir exceeded listed capaClty in 2
"of 5 years (WYLl961l-1965).. . -
(g} Annual maximum contents (WY1961 1965)

' (4) Mean of annual maxima _

{5) Mean of annual max1ma + g

(acre~£t.)

(1) Mean = 982,700
(2) Median = 924,000
(3y © = 40,700

.97

'REServoir capacity

. - = 1.01.
Reservoir: capaclty L -

. H.2,3.4. Category: I .

H.2.4.1 Generéi.Information
' H{a) - Dam Ox'Réservbir-Namér”;uewiExchequer;_
_ o _ -(Lake'McClure)
(b) Region: 11 R
'(é)_:Riﬁer;bééiné Merced Lo
(d) ,deation: Snelling, Cal., 37°35' x 120°16"
(e} . Purposes: _irrigation, hydroelectrlc, .
- ' flood control, recreatlon s
(£j- Drainaqe'area,,mlzi: 1037

H-17
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Dam or Reservoir Name: New Exchegquer Region: 11

H.2.4.2

H-2.4.3

=

(g)

(h)
(i)
(3)

Total storage capacity, acre-ft.: 1,026,000
Bffective hydroelectric storage,

acre-ft.: B20,000

Storage ratio: 1.1

Mean annual runoff, acre-ft.: 950,000

Installed hydroelectric capacity, kw: 80,100

(k) Average annual generation, 103kwh: 363,000
(1) Ownership of dam oxr reservoir: Merced Irri-
gation District

(m) References: WRD 478, FPC 96, RUS 26, WSP
1930: 370-75. (RUS data refers
to the 01ld Excheguer dam, built
on the same site as the New
Exchequer.)

Precipitation

(a) Mean annual water ccutent of precipitation

in drainage area, in.: 20.56
(H) (L) Mean water content of precipitation,

(c)

{4)

Cct.-March, in.: 17.64
.86

(2) As fraction of annual precipitation.

(1) Mean water content of precipitation,
Apr.-July, in.: 2.77

{2) As fraction of annual precipitation: .13

Oct.—-March precipitation
April-July precipitation

= 6.37 .

Streamflow Measurement

(a)

Locaticn of gauge: USGS 11-2695: at 0ld
Exchequer Dam
usGs 11-2700: .65 mile
downstream
from 11-2695

{See Remarks)
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‘Dam or Resexrvoir Name:

New Exchequer °

Region;

1l

{b) Mean monthly discharge, acre-£ft. (WY1961l-064)

(1) oOctober
 (aa) Mean = 3600
(bb) O (unbiased)
(2) wNovember
{aa) Mean = 13,200
(bb) © = 15,900
{3) December
(aa) Mean =_13,600
{bb) o = 5,900
{(4) January
(aa) Mean = 20,500
{bb) 5] = 15,700
(5) February
(za) Mean = 92,000
{bb) a = 58,800
(6) March
(aa) Mean = 48,200
{bb) a = 23,200
(7) April
(aa} Mean =121,700
{bbk) o = 53,100
(8) May |
(za) Mean =176,000
(bb) g = 91,300
{9} June
(aa) Mean =133,90C0
(bb) O = 71,600
{10} July
(aa) Mean = 33,500
(bb) © = 28,100
H-12
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bPam or Reservoir Name: WNew Excheguer Region: 11

H.2.4.4

H.2.4.5

(11)

(12)

{c) {1}

(a)

(e} Maximum monthly discharge

August (See Remarks)
4 Tuo

(aa) Mean
(bb) © = 11,300
September (See Remarks)
(aa) Mean 0

(bb) o = 2,200

4~year maximum monthly discharge,
acre-Tt.: 266,400

‘Month of maximum: May, 1963

= .83 {July)

mnax

= 3.37,

Mean monthly runoff (adjusted)

Category:

I

Remarks:

Streamflow readings, which were taken prior
to the construction of New Excheguer Dam,
represent the arithmetic summation of
monthly streamflows below 0ld Exchequer
and net monthly changes in reservoir
levels. Records cover 4-year period from
October, 1960, to September, 1964, when
station 11-2700 was discontinued. Nega-
tive apparent flows from September and low
mean August flow are evidently the result
of small inflows and large evaporation
from Lake MecClure. (cE. WsSP 1930:376)
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H.2.5.1 General Information

(a) Dam or Reservoir Name: New Bullarxds Bar
(New Colgate gen-—
erating station)

{b) Region: 11l
(¢) River basin: N. Yuba Ué
{(d) TLocation: Marysville, Cal., 39°24'x121°09°¢

(e} Purposes: Hydroelectric, flood control, :
recreation i

{£) Drainage area, miz: 487 _

{g) Total storage capacity, acre-ft.: 930,000 IJE
Effective hydroelectric storage, i
acre-ft.: 679,000

(k) Storace ratio: .84 ,E

(i) Mean annual runoff, acre-ft.: 1,102,000

(i) Installed hydroelectric capacity, kw: 284,400

(k) Average annual generation, 103kwh: 500,000

(1) Ownership of dam or reservoir: Yuba County
Water Agency

(m) References: WRD 498, FPC 95, WSP 1931: 337-39.

H.2.5.2 Precipitation

(a) HMean annual water content of precipitation
in drainage area, in.: 39.52

(b} {1} Mean water content of precipitation,
Oct.-Maxrch, in.: 33.31

{(2) As fraction of annual precipitation.: .84

(c) (1) Mean water content of precipitation, i
Apr.~-July, in.: 5.78 i

{(2) As fraction of annual precipitation: .15

(d) Oct.-March precipitation _
April-July precipitation

5.76 .
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Dam or Reservoir Names:.

H.2.5.3 Streamflow Measurement

{a) Location of gauge:

New Bullards Bar Region: 11 -

USGS 11-4135: 2000 f£t.
downstream from 0ld
Bullards Bar Dam.

(See Remarks)

(b) Mean monthly discharge, acre~ft. (WY1961-1965)

(1}

(2}

(3}

(4}

(5)

(6}

(7)

(8)

October

(aa) iflean

41,100

(bh) ¢ (unbizasecd) = 72,400

Novembexr
(aa) Mean
(bb) o
December
(aa) Mean
(bb}) o
January
{(aa) Mean
(bb) ©
February
(aa) Mean

(bb) o

March

(aa)} Mean
(bb) o©
April

(aa} Mean
{(bb) ©
May

(aa) HMean

(bb) o

i

il

1

i}

1

I

I

n

)

1

33,700
21,700

155,700
229,700

111,200
135,400 .

132,400
‘87,200

77,300
16,800

176,100
74,700

166,400
62,200




Dam or Reservoir Name:

(9)

' ;;aaym_Meanf
S (bb) o

 kaa§‘”MeaﬁE

(11)

SRCHRNES)

Sf2y

T
@ g

Tif

{e)’ ﬁéximuﬁ:mdnthly‘discharge"

max ..

June

Jd;j‘3f

(bb} @ .
AugLst -
{aa) Mean
(bb) O
Séptémbéf

“(aa)  Mean

~(bb) o

_New;Buliards Bhr_:
80,200
23,700

]f8{70C  o

21,900
6,500

15,100

3 800_

Région 11 V

5- year maximum monthly dlscharge,
561,200

acre~£ft. :

,Month.of maximum: Dec.,.1964

= 1.48

(December)

Mean monthly runoff (adjusted)

H.2.5.4 - Category:

T.

H.2.5.5 Remarks:

6.11.

Readings taken'priot'to construction of

NMew Bullards Bar Dam,

a. short’dlstance

downstleam £rom: dan oldexr dam at-the same

~site. ‘The exceptionally low storage ratio
of 0ld Bullards Bar Dam  (.001) implies that

" reservoir did not 51gn1f1cantly dlstort
'readlngs of peak flows.- :
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H.2.6.1.

General Information

{a)

(b)
{c)
(a)
(e)

(£)
(g)

(h)
(1)
(3)

(k)

(1)

(m})

Dam or Reservoir Name: Oroville (Thermalito
and Hyvati generating
stations)

Region: 11

River basin: Feather

Location: Oroville, Cal., 39°31°' = 121°38'!

Purposes: irrigation, hydroelectric, flood
contreol, municipal water supply.
recreation

Drainage area, miz: 3624

Total storage capacity, acre-ft.; 3,485,000
Effective hydroelectric storage,

acre-£ft.: 1,977,000

Storage ratio: .8

Mean annual runoff, acre-£ft.: 4,500,000
Installed hydroelectric capacity,

Thermalito: 115,100
kw: Hyatt: 644,250
Combined: 759,350

Average annual generation,

3 Thermalito: 383,000
107 kwh: Hyatt: 2,475,000
Combined: 2,858,000

Ownership of dam or reserveir: State of
California

References: WSP 1931:301-303, WRD 498,
FPC 85, U.S5. Department of the
Army, Corps of Engineers,
Oroville Dam and Reservoir:
Report on Reservoir Regulation
for TFlood Control-




Dam or Reservoir Name: Oroville *

H.2.6.2

H.2.6.3

Region: 11

Precipitation

{a) Mean annual water content of precipitation
in drainage area, in.: 39.52

(b} (1)

(2)
(e} (1)

(2)

(d) Oct.-March precipitation -

Mean watexr content of precipitation,
Oct.~-Marech, in.: 33,31

As fraction of annual precipitation.: .84

Mean water content of precipitation,
Apr.-July, in.: 5.78

As fraction of annual precipitation: .15

April-July precipitation

5-76 .

Streamflow Measurement

{a) Location of gauge: USGS 11-4070: 4 miles

downstream from damsite.
{See Remarks)

(b} Mean monthly discharge, acre-ft. (WY 1961-64)

(1)

(2)

(3)

(4)

(5}

Octobex
{aa) Mean = 259,000
(bb) g (unbiased) = 335,000

Novembex

{aa) Mean = 182,000
(bb) « = 84,000
December

{aa) Mean = 266,000
(bb) © = 147,000
JdJanuary

(aa) Mean = 203,000

(k) g = 108,000
February ' '
(aa) Mean = 508,;0(0
(bh) © = 355,000
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Dam or Reservoir ﬁamé:..Orovilig_' . Region: 11
(6)  March. N o
~ (aa) Mean = 294,000.-'
© (sb) = 82,000
(7y aprii
{aa) Mean = 599,000
(bb} =~ -~ =-387,000
{(8) HMay
(aa) Mean = 442,000
(bb) = 213,000
{9) ~ June
(aa) Mean = 221,000
(bb) = 57,000
(10) July
{aa) Mean =.'.1.."7‘9:,006
(bh) o = 16,000

(11} BAugust
{(aa) Mean = 147,000
(bb) o = 18,000 .
t12) September SR '
(aa) Mean = 107,000

(bb) a = 20,000 _
{c) (1) 4d-vear maximumn monthly dlscharge{
acre—-£ft. 1,114,000

(2) 'Month,pf'max1mum;_ April,; 1973

g, 1 . : :
(a) E&] = 1.29 {(Oct.}
o kAl max o

{e)  Maximuom monthly discharge = 3 84
~ Mean monthly runoff (adjusted) I

'H.2.6.4  Category: I
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Pam or Reservolr HName:

H.2.6.5

H.2.7.1

H.2.7.2

Remarks:

Croville

Region: 11

Readings taken prior to dam's construc-
tion. Data cover water years 1961-64;
WY 1965 omitted because of intermittent
disturbances of streamflow arising from

General Information

-,(c}}

Apr.—-Jduly,

ings

H-27

‘construction activities.

. b.78

.84

({a) Dam or Reservoir Name: Shasta
{b} Region: 11
{c) River basin: Sacramento
(d) Liocation: Redding, CA 40°43" x 122°25¢
{e) Purposes: irrigation, hydroelectriec, flood
control, navigation
(£) Drainage area, mi2: 6,421
(g) .Total storage capacity, acre—£ft.: 4,492,600
Effective hydroelectric storage,
acre-ft.: 4,050,000
{h) Storage ratio: .7
(1) Mean annual runoff, acré-ft.: 6,400,000
(j)A Installed hydruélectric'capacity, kw: 420,310
(k) Average anﬁual genexation, loskwh: 1,727,800
(L) Ownership of dam or reservoir: Bureaun of
» Reclamation
(m) References: WRD 380, RUS 30,
FPC 96, WSP 1931:74-76 -
Precipitation
_(éfx Mean annual water content of prec;pltaflon.
- in drainage area, in.:  39. 52 :
(b) (1) Mean watex content of preclpltat101,___rv,
S T Oct.~ﬁarch, ln..“ 3313%L T e
(2) As fraction of annual pradinitﬁtioh-é
(11 ;Mean water content of. precmpltatlon,

S




Dam or Reservoir Name: Shasta : Region: 11

(2) &as fraction of annwval precipitation.: .15

(d) Oct.~Mar. precipitation

Apr.-July precipitation = 5.76 .

H.2.7.3 Reservolr Management Parameters

(a) Capacity (acre-£t.)}: 4,492,600

(b} 5-~year range of reservoir contents (W¥1961-1965):
{acre-f+.) 2,144,900 - 4,516,100

(c) (1) Maximum 30-day increase in contents (Ac)
(acre-£t.) (WYl961-1965). 904,500

(2) Date: TFebruary, 1962

{(d) Ac (5-year)
Reservoir capacity

= .20

(e} Ac (5~vear) -
Mean monthly runoff

2.41
(£) QReservoir exceeded listed capacity in 2 of 5
vears (WYl961l-1965).

(g) Annual maximum contents (WY1l961-1965)
{acre-£ft.)

(1) Mean = 4,093,000
(2) Median = 4,330,000
{(3) o© = 519,000

{4) Mean of annual maxima _
Reservoir capacity

(5) Mean of annual maxima + ¢
Reservolr capacity

= 1.03.

H.2.7.4 Category: I

H.2.8.1 General Information

(a) Dam or Reservoir Name: RoS5s
' (b) Region: 12

{e) R;vé; basin: = Skagit

H~-28




Dam or Reservoir Name: Ross Region: 12

H.2.8.2

H.2.8.3

(a)
(e)

(£)
(g)

(h)
(i)
(5)
(k)
(1)

(m)

Loc&tion: Newhalem, Wash., 48°44' x 121°04
Purposes: hydreoelectric, £lood control, !
recreation
Drainage area, miz: 999 ;}%
Total storage capacity, acre-ft.: 1,405,300 i
Effective hydroelectric storage,
acre—-ft.: 1,023,000
Storage ratio: .5 .jf
Mean annual runoff, acre-ft.: 2,800,000

Installed hydroelectric capacity, kw: 360,000

Average annual generation, 103kwh: 700,000

Ownership of dam or reservoir: City of
Seattle

References: WRD 387, FPC 88, RUs 105,
WSP 1932:574-76 .

Precipitation

(a)

(b)

(c)

(d)

Mean annual water content of precipitation
in drainage area, in.: 90.54

(1) Mean water content of precipitation,
Oget.-March, in.: 69.21 '

{2) As fraction of annual precipitation.: .76

{1} Mean water content of precipitation,
Apr.-July, in.: 15.58 '

(2) As fraction of annual precipitation. .17

"

Oct.-~Marxr. precipitation _
Apr.—-July precipitation

4.44 .

Reservoir Managemernt Parameters ' : - L

{a)

- by

Capacity (acre—-ft.): 1,405,300

5~§ear randge of reservbir'COntents'{WY1961#1965)-
(acre-£ft.) 602,300-1,405,300

H-29
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Dam or Reservoir Name: Ross

(e}

(d)

(e}

(£).

(g)

Region: 12

{L) Maximum 30-day increase in contents
(Ac) (acre-ft.) (WYl96l-65): 522,000

(2) Date: June, 1964

Ac (5-vyear) 37

Reservoir capacity

Ac (S-yeai)

Mean monthly runoff = 2.23

Reservoir exceeded listed capacity in 5
of 5 yerars (WY1961-1965)

Annual maximum contents (WY19561-1965)
{acre-Ft.)

(1) Mean 1,405,300
(2} Median 1,405,300
(3y «© = 0

(4 Mean of annual maxima
Reservoir capacity

= 1.000 .

H.2.8.4 Category: I

H.2.9.1 General Information
(a} Dam or Reservoir Name: Mossyrock (Davisson
: Lake)
(b) Region: 14
(c) River basin: Cowlitz
(a) Location: Morton, Washington
(e} Purposes: hydroelectric, f£lood control,
. ‘recreation
(£} Drainage érea, mi2: 1042
(g) Total storage capacity, acre~ft.: NA
Effeéfive hydrdelectric.gtorége,
acre-ft.: 1,287,000
.{h) Storage ratioc: > .35




Dam or Reservoir Name: Mossyrock ’ Region: 14

{i} Mean annual runoff, acre-ft.: 3,700,000

{(j) 1Installed hydroelectric capacity, kw: 300,000

(k) Average annual dgeneration, 103kwh: 1,050,000

(L) Ownership of dam or reservoir: Tacoma City
Light

(m) References: TFPC 89, WRD 497, WSP 1935:651-653 .

H.2.9.2 Precipitation

(a) Mean annual water content of precipitation
in drainage area, in.: 63.156

(b) {1Y Mean water content of precipitation,
Oct.-March, in.: 47 .84

(2} As fraction of annual precipitation.: .76

(e) (1) Mean water content of precipitation,
Apr.-July, in.: 11.23

{2} As fraction of annual precipitation: .18

(d) Oct.-March precipitation _
April-July precipitation

4.26.

H.2.9.3 Streamflow Measurement

oo

{a) lLocation of gauge: 14-2335, 4 miles upstream
from upstream end of res-
ervoir., Readings taken
prior to reservoir's :
construction. -

(b) Mean monthly discharge, acre-ft. (WYL261-1965)
{1) Octobex

{aa) Mean = 117,000 :

(bb) o (unbiased) = 31,000 .

(2} November

il

{aa) Mean
(bb} o

303,000
137,000
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Dam or Reservoir Name:

{3)

(4)

{5)

{5)

(71

(8)

(9)

(10)

(11)

(12)

Mossyrock
Decembex
(aa) Mean =
(bb} ¢ =
January
(aa) Mean =
(bb) o =
February
{za) Mean =
(bh) o =
March
(aa} Mean =
(bb) © =
April
{aa) Mean =
(bb) o =
May
(aa} Mean =
(aa) o =
June
(aa) Mean =
(bb) o =
July
{aa) Mean =
(bb) o =
August
{aa) Mean =
(bb) o =
September
(aza) Mean =
(bb} o =

H-32

390,000
149,000

376,000
120,000

304,000
218,000

235,000
218,000

357,000
69,000

419,000
65,000

442,000
i71.000

236,000
104,000

123,000
35,000

82,000
i8,000

Region:

14



Dam or Reserveoir Name: Mossyrock Region: 14

(c) {1} b5-year maximum monthly discharge,
acre-ft. : 700,000

{2) Month of maximumn: June, 1964

g,
(d) ﬁi = .72 (February)
i} max

{(e) Maximum monthly discharge = 2.27
Mean monthly runoff (adjusted) ‘ : -

#.2.9.4 Category: I

H.2.10.1 General Information -

(a) Dam -0or Reservoir Name: Blue Mesa
(b) Region: 9
{c) River basin: Gunnison River

{(d) Loecation: Gunnison, Colo., 38°27' x -~
107°21"'

(e} Purposes: dirrigation, hydroelectric,
' flood control
(f} 'Drainage area, mi: 3543 ‘ ‘ ‘ HE
(g) Total storage capacity, acre-ft.: 941,200
Effective hydroelectric storage;
abre—ft;: ‘743,0b0 , '
(h}) Storage ratioc: .9 - ' ' . iy
(i) ‘Mean annual runoff, acre-ft.: 1,000,000
(j) 1Installed hydroelectric capacity, kw: 60,000
(k} Average annual generatiqn, 103kwh: 280,000
(L) Ownership of dam or reservoir: Buféaﬁ of ' >
Reclamation

(m) References: WRD 474, FPRC 85, WSP 1924:
' 321=22, 335-37 . S
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{

Dam or Reservoir Name:

H.2.10.2

H.2.10.3

Blue Mesa

Precipitation

Region: a

{a) Mean annual water content of precipitation
in drainage area, in.: 16

(b) (1)

{2)
(c) (L)

(2)

Mean water content of
Oct.-March, in.: 8.3

As fraction of annual

Mean water content of
Apr.-July, in.: 5.39

As fraction of annual

(d} Oct.-March precipitation

April-July precipitation

Streamflow Measurement

{a} ILocation of gauge:

(k) Mean monthly inflow acre-ft.

(1)

(2)

(3)

(4)

(5)

UsGs 9

~1280:

.9

precipitation,
3

precipitation.: .49

precipitation,

precipitation: .31

1.55.

20 Miles

downstream from site
of dam.

October

(za) BMean = 41,400
(bb) ¢ (unbiased) =
November

(aa) Mean = 33,400
(bb) o = 6,900
Decembex

(aa) Mean = 25,400
(bb) o© = 4,200
January

(aa) Mean = 23,000
(bb} o = 4,900
February

{aa) Mean = 22,400
(bb) o« = 4,500

H-34
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Dam or Reservoir Name: Blue Mesa Region: 9

(6} March

4

33,400
11,500

(aa) Mean

{(bb) O
(7Y &april

{aa) Mean = 113,000

(bb) o = 69,900
{8) May

(aa) Mean = 258,100

{(bb) © = 93,800
(9) June

(aa) Mean = 269,400

{(bb) © = 146,300
(10) July

(aa) Mean = 160,600

{bb} 8] = 123,500
{11) August

(aa) Mean = ©1,100

{(bb) o = 30,800
(12) sSeptembex

(aa) Mean = 63,900

{(bb) 4] = 21,500

{c) {1l 5-year maximum monthly inflow
acre-ft.: 465,540

(2) Month of wmaximum: June, 1965

a,
(d) [H{] = .77 {July)
il max

{e} Maximum monthly dischaxge
Mean monthly runoff (adjusted)

= 4.92.

H.2.10.4 Category: IT
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Dam or Reservoir Name: Blue Mesa : Region: 9
H.2.10.5 Remarks: Streamflow readings taken prior to con-
struction of dam. Readings given here

H.2.11.1

H.2.11.2

are uncorrected for inflows between dam-
site and gauging station, which add
approximately 13% to mean annual flow.

General Information

(a)
(b)
{c)
(d)
(e}

(£)
{g)

(h)
(1)
(3)
(k)
(1)

(m)

Dam or Reservoir Name: Lake Almanor
Region: 11

River basin: WNorth Fork Feather River
Location: Oroville, CA, 40°13' x 121°10°

Purposes: hydroelectric, irrigation

Drainage area, miz: 491

Total storage capacity, acre—-ft.: 1,036,000
Bffective hydroelectric storage,

acre-ft.: 33,000

Storage ratio: 1.0

Mean annual runoff, acre-ft.: 1,000,000

Installed hydroelectric capacity, kw: 184,800

Average annual generation, 103kwh: 355,900

Ownership of dam or reservoir: Pacific Gas
& Electric

References: WRD 341, RUS 25, WSP 1931:
261-263, FPRPC 95 .

Precipitation

(a}

(b}

Mean annual water content of precipitation
in drainage area, in.: 39.52

(1) Mean water content of precipitation
Oct.~March, in.: 33.31 :

(2 As fraction of annual precipitation.: .84




§

Dam or Reservolr Name: Lake Almanor Region: 11

(c)

(a)

(1} Mean water content of precipitation,
Apr.-July, in.: 5.78

(2) As fraction of annual precipitation.: .15

Oct.-Mar. precipitation
Apr.-July precipitation

= 5. 7 6 . _-vj

#.2.11.3 Reservoir Management Parameters

(a)
(b)

{c)

(a)
(e)
(£)

(g)

Capacity {(acre-ft.): 1,036,000 )

5-year range of reservoir contents
{(WY1l961-1965) (acre-£ft.)

(1) Maximum 30-day increase in contents
Ac) (acre-ft.) (WYle61l-1965) 133,600

(2) Dates December, 1964

Ac (5-yvear)
Reservoir capacity

.13

Ae (5-year)
Mean monthly runoff

= 1.60
Reservoir exceeded listed capacity in 1
of 5 years (WYle61-1965).

Annual maximum contents (WY1l961-1965)
{acre—-ft.) '

(1) Mean = 745,000
(2} Median = 723,100
(3) © = 203,000

(4} Mean of annual maxima _
Reservoir capacity

.72

(5) Mean of annual maxima + O
Reservoliy capacity

= .89 -

H.2.11.4 Category: IT
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H.2.12.1

H.2.12.2

General Information

(a)

(b)
(e)
{a)
(e)

{£)
(g)

(h)
(i)
(3)
(k)
(1)

(m)

Dam oxr Reservoir Name: Monticello

{Lake Berryessa)

Region: 11

River basin: Putah Creek

Location: Sacramento CA, 38°931° u 122°06°

Purposes: irrigation, flood control,

municipal and industrial
water supply

. .2
Drainage area, mi : 574

Total storage capacity, acre-ft.: 1,602,300

Effective hydroelectric storage,

acre-It. 0

Storage ratio: 4.7

Mean annual runoff, acre-ft.: 340,900

Installed hydroelectric capacity, kw: O

Average annual generation, 103kwh: 0

Ownership of dam or reservoir: Bureau of

Reclamation

591-96

References: WRD 416, RUS 25, WSP 1931l:

Precipitaticen

(a)

(b)

(e)

(d)

Mean annual water content of precipitation

in drainage area, in.: 39:52

(1)

{2)
(1)

(2)

Oct.-Mar. precipitation

Mean water content of precipitation,
Qct.~-March, in.: 33.31

As fraction of annual precipitation.

Mean water content of precipitation,
Apr.-July, in.: 5.78

As fraction of annual precipitation.

= 5.76 .

Apr.-July precipitation

.84

.15
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Dam or Regervoir Name: Monticello ’ Region: 11

H.2.12.3

H.2.12.4

H.2.13.1

Reservoir Management Parameters

(a)
{b)

(c)

(a)

(e)

(£}

{(g)

capacity (acre-ft.): 1,602,300

5-year range of reservoeir contents (WY1961-1965)
{acre-£t.) 974,000-1,686,000

(1) Maximum 30~day increase in contents
(Ac) (acre-f£ft.}) {(W¥l96i-1965} 211,700
(2) Date: December, 19064

Ac {5~year)
Reservoir capacity

.13

Ae (S5-yearx) _
Mean monthly runoff ~

7.45
Reservoir exceeded listed capacity in 2
of 5 years {(WYl961-1965)

Annual maximum contents (WYl9G61l-1965)
(acre—-£t.)

{1) Mean = 1,449,000
{2y Median = 1,561,000
{(3) ¢ = 245,000

(4) Mean of annual maxima _

Reservoir capacity - 90

(5} Mean of annual maxima + ©
Reservolr capacity

= 1.06 .

Category: II

General Information

(a)
{b)
(c}
(d)
(e)

(£)

Dam or Reservoir Name: New Don Pedro
Region: 11

River basin: Tuolumne

Location: La Grange, Cal., 37°43' x 120°24"

Purposes: irrigation and hydroelectric

Drainage area, mi2: 1530

]



Dam or Reservolx Name: New Don Pedro Region:-'ll

(g) Total storage capacity, aere-ft.: 2,030,000
Effective hydroelectric storage,
acre-£ft.: 1,721,000
{(h} Storage ratio: 1.1
{i} Mean annual runoff, acre-£ft.: 1,800,000
(i) Installed hydroelectric capacity, kw: 136,515
{k) »Average annual generation, 103kwh: 598,400

Tarlock and
Modesto irriga-
tion districts

WRD 516, FPPC 96, WSP 1930: 440-45 .

(1) oOwnership of dam oxr reservoir:

{m) References:

H.2.13.2 Precipitation
(a} Mean annual water content of precipitation
in drainage area, in.: 20.56

)

(b)

(c)

{1

(2)
(1)

Mean water content of
oct.~March, in.:

As fraction of annual

Mean water content of

precipitation,

17.64

precipitation.: .86

precipitation,

Apr.-July, in.: 2.77
(2) As fraction of annual precipitation: .13
(a) Oct.-March precipitation = .37 '
April~July precipitation '
H.2.13.3 Streamflow Measurement

UsGs 11-2875, at 0ld bon
Pedroc Reservoir; USGS
11-2880, .5 mi. down-
stream from dam. {See
Remarks.)

{b) Mean monthly discharge, acre-ft. (WYl961-1965)

(1) October

{(a) Location of gauge:

53,000

(aa) Mean =
(bb) © = 30,000
5-40




Dam or Reservolir Name: New Don Pedro °’ Region: 11

(2) >November

“(aa) Mean
(bb) @

{3} December

62(000
38,000

[

'{aa)“ Mean = 107,000

(bb) o = 103,000
(4) January -

(aa) Mean = 120,000

(bh) o = 109,000
{5) February

(aa) Mean = 156,000

(bb) o = 84,000
(8) March '

{aa) Mean = 115,000

(bb)} © = 48,000
{7} Aapril
{aa) Mean = 176,000
(bb) © = 87,000
(8) May '
o (aa) Mean = 200,000
(bbfv o] = 108,000
(9) June
| (aa) Mean = 212,000
{(bh) a = 107,000
{10) July _
(aa) Hean = 120,000
(bb) o = 46,000
(11)"Aﬁgﬁ5t
{aa) . Mean = 78,000
(bb) © -~ = 21,000
t ’ ’ .
H-41
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Dam or Reservoir Name: New Don Pedro Region: 11

H.2.13.4

H.2.13.5

H.2.14.1

(12) September

]

60,000
29,000

{aa) Mean
(bb) o

1t

(ec) (1) 5-vear maximum monthly discharge,
acre-ft.: 393,900 '

(2) Month of maximum: June, 1962

(ay | — = .91 (Januafy)
i{ max

{e) Maximum moanthly discharge

Mean monthly runoff (adjusied) = 2.16 .

Category: IT

Remarks: Streamflow data given represent the
arithmetic summation. of streamflow down-
stream of reservoir and net monthly
change in reservoir contents. ¥Wo sig-
nificant diversions between gauging
stations. - .

C
The relatively low variability of stream-
flow at this site may be the result of
regulation by the numerocus reservoirs
npstream. A complete evaluation of the
possible benefits of remote sensing to
this reservoir would have to consider
this installation in the context of the
system of reservoirs of which it forms
a part.

General Information

{a) Dam or Réservoir ﬁame: Pine Flat

{b) Region: 11

{c) River basin: Kings _ - _

(d) Locatidn:. Fresno, C3&, 36550'.x l19519f

- i e e 4 v et




Dam oxr Resexvoir Name:

H.2.14.2

H.2.14.3

(e) Purposes:

Pine Ilat

irrigation,

recreation

. . 2
(£) Drainage area, mi

(g) Total storage cépacity, acre-Ift.
Bffective hydroelectric storage,

acre-ft. :

904,000

(h) Storage ratio: .6

floecd control,

: 1,542

(i} Mean anpual runoff, acre-ft.:

(3) Installed hydroelectric capacity, kw: O
(k) Average annual generation, 10> %wh

{1) Ownership of dam or reservoir:

{m) References:

WRD 4

Precipitation

{a) Mean annual water content of precipitation

in drainage area,

(b)Y (1}
(2)
{c) (1)

(2)

(a) Oct.=-Mar.

Mean water content of precibitation,
17.64

05,

in.:

Oct.-March, in.:

As fraction of annual precipitation.:

Mean water content of precipitation,
2.77

Apr.-July, in

-
- =

rPC 97,
WSP 1930:206-208

20.56

Region:

1,013,400

1,700,000

Corps of
Engineers

.88

As fraction of annual precipitation.: .13

precipitation

Apr.—-Jduly precipitation

6.37.

Reservoir Management Parameteérs

(a) Capacity (acre-ft.): 1,013,400

(acre-£+.}) 109,100-~942,000

‘H-‘-‘4 3 N

() SQyEar range of reservoir contents (WYlQGl—iQGS}
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Dam or Reservoir Name: Pine Flat L . Region: 11

(c)

(a)
(e}

(£)

(g)

H.2.14.4 Category: TII

{1) Maximum 30-~day increase in contents
{Ac) (acre-£ft.) {WY1961*1965)3202,000

(2} Date: May, 1963

Ac {(B-year)
Reservoir capacity

= .20

Ac (5-year)
Mean monthly runoif

= 1.43

Reservoir exceeded listed capacity in 0 of
5 years (WY1961-13865). '

Annual maximum contents (WY1961-1965)

”(acre—ft;)

(1) Mean = 690,000

(2) Median = 694,400
(3) o = 190,000

(4) Mean of annual maxima _

Reservoir capacity '68

(58) Mean of annual maxima + o]

. . = .8
Reservolr capacity: 7

.

H.2.15.1  General Informationm

{a)
(b}
(c)
{(a)

{e)

(E)

(g}

Dam or Reservoir Name: Grand Coulee
Regions:. 12 .. '

River basin: Columbia

Location: Coulee City, Wash., 47°57' =x .
: © - l18°59* N 23

Purposes: irrigation, hydroelectric, flood
control, navigation

Drainage‘aréa,'miz: 74;700

Total storage capacity, acre-ft.: 8,562,000

S : x . (with
- . ' o flashboards)

Effective hydroelectric storage,

acre-ft.: 5,232,000

CH-44




Dam or Reservoir Name: Grand Coulee Region: 12

H.-.15.2

H.2.15.3

(h) Storage ratio: .06
(1} Mean annual runoff, acre-ft.: 160,000,000

(i) Installed hydroelectric capacity,
kw: 2,100,000

(k) Average anhual generation, 103kwh: 16,300,000

(1) Ownership of dam or reservoir: Bureau of
Reclamation

(m} References: WRD 375, FPC 91, RUS 103,
WSP 1933:419-421, U.5. Geolog-
ical Survey, Water Resources
Data for Washington, 1973,
Part I: Surface Water Records,
Tacoma, Wash., 1973, p.209 .

Precipitation

{(z2) Mean annual water content of precipitation
in drainage area, in.: 20.53

(b) (L) Mean water content of precipitation,
Oct.~-March, in.: 12.88

{2) BAs fraction of annual precipitation.: .63

(e) (1) Mean water content of precipitation,
apr.-July, in.: 5.77

{2} Aas fraction of annual precipitation.: .28

(d) Oct.-Mar. precipitation
Apr.-July precipitation

= 2.23 .

Reservoir Management Parameters

{a} Capacity (acre-£ft.): 9,562,000

(b) 5-year range of reservoir contents (WY19G61l-1965)
(acre—-ft.} 6,748,000-9,564,000

{cy {1) Maximum 30-day increase in contents
(Ac) {acre-ft.) (WY1l961-1965}: 1,612,400

(2) Date: June, 1965




e

Dam or Reservoir Name: Grand Coulee Region: 12

(a)

{e)

(£)

(g}

Ac (5-year)

= - = .17
Reservolr capaclly 1

Ae (5-vear) = .12

Mean monthly runoff

Reservoir exceeded listed capacity in 5 of
5 vears (WYl961-19635).

Annual maximum contents (WY1l961l-1965)
(acre-ft.)

(1) Mean = 9,573,000
{(2) Median = 9,575,000
(3) g = G,900

(4) Mean of annual maxima
Reservoly capacity

(5) Mean of annuval maxima + ©
Reservoir capacity

H.2.15.4 Category: it

H.2.16.1 General Information

(a)
{b)
()
(d)
(e)

(£)

(g)

{h)
(i)

Dam or Reservolr NWame: Hungry Horse

Region: 12

River basin: PFlathead (S. Fork)

Location: Coram, Monitana, 48°21' x 114°01°

Purposes: hydroelectric, flecod control,
irrigation

Drainage area, mi2: 1654

Total storage capacity, acre~-ft.: 3,468,140

Effective hydroelectric storage,

acre-ft.: 2,982,000

Storage ratice: 1.5

Mean annual runoff, acre-ft.: 2,300,000

1-46




Dam or Reservoir Name: Hungry Horse Reglon: iz

H.2.16.2

H.2.16.3

(3)

(k)
(1)

{m)

Precipitaticn

ek S B Lt DR g L T T

Installed hydroelectric capacity,
kw: 285,000 )

Average annual generation, lDBkwh: 843,000

Ownership of dam or resexrvoir: Bureau of A
Reclamation

References: WRD 400, RUS 62, FPC 80, WSP 1933: ;
200-202 . i

(a)

(b)

()

(&)

Mean annual water content of precipitation
in drainage area, in.: 19.04

(1) Mean water content of precipitation,
Oct.-March, in.: 10.386

(2) As fraction of annual precipitation.: .54

(1) Mean water content of precipitation,
Apr.-July, in.: 6.41

(2) 2As fraction of annual precipitation.: .34

Oct.-Mar. precipitation
Apxr.-July precipitation

= 1.62 .

Reservoir Management Parameters

(a}
(b}

{e)

(a)

(e}

(£)

Capacity (acre-~ft.}): 3,468,140

S-year range of reservoir contents {WY19G61l-
1965) (acre-ft.): 1,521,000 - 3,400,000

(1} Maximum 30-day increase in contents
{Ac) (acre~ft.) (WY 1961-1965). 1,043,000

{2) Date: June, 1965

Aec (5-year)
Reservoir capacity

= .30

Ac (5-year)

Mean monthly runoff = 5.41

Reservoir exceeded listed capacity in 5 of
5 yvears (WY 1961-1965)
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Dam or Reservoir Name: Hungry Horse Reglion: 12

(g)

Annual maximum contents (WY 1961-1965)
{acre—-Et.)}

{1) Mean = 3,481,000
(2) Median = 2,482,000
(3) o = 1,100

{4) Mean of annual maxima
Reservoir capacity

1.004

(5) Mean of annual maxima +1 ©
Reservoir capacity

= 1.004 .

H.2.16.4 Category: I

H.2.17.1 General Information

(a)
(b)
(c)
(d)
(e)

(£)
(g}

Dam or Reservoir Name: Kerr (Flathead Lake)

Region: 12

River basin: Flathead

Location: Polson, Montana, 48B°04' x 11i4°14‘

Purposes: hydroelectric, flood control,
irrigation, recreation

Drainage area, miz: 7086

Total storage capacity, acre-ft.: 1,791,000
{usable storage)

Effective hydroelectric storage,
acre—-It.: 1,217,000
Storage ratio: .2

Mean annauval runoff, acre-f+.: 6,100,000
Installed hydroelectric capacity, kw: 168,000

Average annual generation, logkwh: 1,100,000

Ounership of dam or reservoir: Montana Power
Company

References: WRD 420, FPC 80, RUS 62, WSP
1933:216-218 -
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Dam or Resexrvoir Name: Kerr Region: 12

H.2.17.2 Precipitation

{a) Mean annual water content of precipitation
in drainage area, in.: 19.04

(b} (L) Mean water content of precipitation,
Oct.-March, in.: 10. 306

{2} As fraction of annual precipitation: .54

(c) {1) Mean water content of precipitation,
Apr.-July, in.: 6.41

{2) As fraction of annual precipitation: .34

(a) Oct.~Mar. precipitation
Apr.-~-July precipitation

1.62.

H.2.17.3 Reservoir Management Parameters

(a) Capacity {acre-£ft.): 1,791,000 (usable)

(b) 5-year range of reservoir contents (WYl961-
1965) (acre-ft.): 1,952,000

(¢) (1) Maximum 30-day increase in contents
(Ac) (acre-ft ) (WY 1861-1965). 785,300

(2} Date: May, 1964

{(d} Aec (5-vear)
Reservolr capacity

= .44 (See Remarks)

(e} Ac (5-year)
Mean monthly runoff

= 1l.54
(f) Reservoir exceeded listed capacity in 5 of
5 years (WY 1961~1965).

(g) Annual maximum contents (WY 1961-1965)
{acre~-ft.)

(1) Mean = 1,843,000
(2) Median - 1,819,000
(3) o = 63,000

{4) Mean of annual maxima
Reservoir capacity

= 1.03

(5) Mean of annual maxima +10
Reservoilr capacity

= 1.06 -
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Dam or Reservoir Name: Kerr Region: 12

H.2.17.4 Category: IT

H.2.17.5 Remarks: The value given here for AC is not

capacity

comparable with values given for other
reservoirs since "capacity" here refers
to usable, rather than total, reservoir
contents. The total capacity of this res-
ervoir is listed as "unknown" in WSP 1933.

H.2.18.1 General Infiormation

(a)

(b)
{c)
(a)
(e)

(£)
{g)

{h)
(i)
{3)
(k}
(L)

{m)

Dam or Reservolir Name: Albeni Falls (Pend
Oreille Lake)

Region: 12

River basin: Pend Oreille

Location: Hope, Idaho, 48°1l1l' x 117°00"

Purposes: hydroelectric, f£lood control,
navigation, recreation

Drainage area, mi2: 22,200 .

Total storage capacity, acre-ft.: 1,561,000
(See Remarks)

Effective hydroelectric storage, acre-Iit.:
1,153,000

Storage ratio: .06

Mean annual runoff, acre-ft.: 26,000,000
Iastalled hydroelectric capacity, kw: 42,600
Average annual generation, 103kwh: 230,000

Ownership of dam or reservoir: Corps of
Engineers

References: WRD 406, FPC 83, RUS 43, WSP
1933: 2531-253.
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Dam or Reservoir Name: Albeni Falls Region: 12

H.2.18.2

H.2.18.3

Precipitation

(a)

(b)

(c)

(d4)

Mean annual water content of precipitation
in drainage area, in.: 19.04

(1) Mean water content of precipitation,
Oct.-March, in.: 10.36

(2) As fraction of annual precipitation.: .54

(1) Mean water content of precipitation,
Apr.-July, in.: 6.41

(2} As fraction of annual precipitation.: .34

Oct.-Mar. precipitation
Apr.-July precipitation

= 1.62 .

Reservoiy Management Parameters

{a)
{(b)

{c)

{d)

{e)

(£)

(g)

Capacity (acre-£ft.): 1,561,000

5-year range of reservoir contents (WY 1961~
1865} (acre—-ft.) 629,600 - 1,738,000

(1) Maximum 30-day increase in contents
(Ac) {acre-ft.) (WY 19681-1965}. 508,000

{(2) Date: May, 1261

Ac (5-year)
Resexrvolir capacity

= .33

Ae (5-year)

Mean monthly runoff = .23

Reservoir exceeded listed capacity in 5 of
5 vears (WY 1961-1965).

Annual maximum contents (WY 1961-19635)
{acre~ft.) »

{1) Mean = 1,624,000
{(2) Median = 1,578,000
(3) s = 75,000

(4} Mean of annual maxima

Reservoixr capacity = 1.04
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Dam or Reservoiy Name: Albeni Falls Region: 12

. 1
(5} Mean of annual maxima + 0

: : = 1.09.
Reservoir capacitiy

n.2.18.4 Category: II

H.2.19.1 General Information

(a) Dam or Reservoir Name: Jackson Lake

(b) Region: 13

{c) River basin: Snake River Main Stem

{(d) Location: Moran, Wyoming, 43°51F x 110°35'

(e} ©Purposes: irrigation and flood control

(£) Drainage area, miz: 824

(g} Total storage capacity, acre-ft.: B8B47,000
Bffective hydroelectric storage,
acre—£t. s ]

{h) Storage ratio: .8

{i) Mean annual runoff, acre—-ft.: 1,100,000

(i) Installed hydroelectric capacity, kw: 0

. 3
(kY Average annual generation, 10 kwh: O

(1) Ownership of dam oxr reservoir: Bureau of
Reclamation

(m}) References: WRD 313, RUS 1ll, WSP 1934:13-15 .

H.2.19.2 Precipitation

(a2) Mean annual water content of precipitation
in drainage area, in.: 24.38

(b} {1) Mean water content of precipitation,
Oct.-March, in.: 14.32

{2) As fraction of annual precipitation.: .59

(c) (L) Mean water content of precipitation;
Apr.-Jduly, in.: 7.33

{2) As fraction of annual precipitation.: .30
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Dam or Reservoir Hame: Jackson Lake Region: 13

H.2.19.3

H.2.19.4

H.2.20.1

{d) Oct.-Maxr. precipitation
Apr.—-July precipitation

= 1.95.

Reservoir Management Parameters

(a) Capacity (acre-ft.}: 847,000

(b} S5-year range of reservoir contents (WY1lS61l-
1965} (acre-£ft.) 1,720-859,530

{c) (1) Maximum 30-day increase in contents
{Ac) (acre-ft.) (WYl961-1965). 322,130

(2) Date: June, 1965

{d) Ac (5-year) _
Reservoir capacity

.38

(e} Ac (5-year) _
Mean monthly runoff

3.65
(£) Reservoir exceeded listed capacity in 4 of
5 yvears (WY 1961-1965).

(g} 2annual maximum contents (WYl961l-1965)
{acre-Ft.)

(1) Mean = 789,000

(2) Median = 857,000

(3) o© = 147,000

(4) Mean of-annual gaxima = .93
Reservolr capacity

(5) Median of annual maxima _ 1.01 .

Reservoir capacity

Category: ITT

General Information

{(a) Dam or Reservoir Name: American Falls
{b) Region: 13

{c}] River basin: Snake River Main Stem
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Dam or Reservoir Name: American Falls’ Region: 13

{a) Location: American Falls, Idaho, 42°47!' x

i112°53"¢
(e} Purposes: irrigation, flood control, water
supply
d {£f) Drainage area mi2: 13,580

(g} Total storage capacity, acre-ft.: 1,700,000
Effective hydroelectric storage,
acre-ft.: O
4 (h) Storage ratio: .3
' (i) Mean annual runoff, acre-ft.: 5,700,000

() Installed hydroelectric capacity, kw: O

(k) Average annuai generation, 103kwh: 0

{1) Ownership of dam or reservoir: Bureau of
Reclamation

{m) References: WRD 340, RUS 41, PFPBC 83, WsP
1934: 136-38 -

t\
H.2.20,2 Precipitation
{a) HMean annual water content of precipitation
in drainage area, in.: 24.38
* (b) (1) Mean water content of precipitation,
Qct.-March, in.: 14.32
(2) BAs fraction of annual precipitation.: .59
{c} (1) Mean water content of precipitation,
. Apr.-July, in.: 7.33
{2} Aas fraction of annunal precipitation.: .30
(d) Oct.-Mar. precipitation _ 1.95
Apr.-July precipitation T
- H.2.20.3 Reservoir Management Parameters

{a) Ccapacity (acge-ft.): 1,7C0;000

(b} 5S-year range of reservoir contents (WYl961l-
- 1965) {acre-f+.) 2,000-1,748,000
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Dam or Reservoir Name: American Falls Region: 13

H.2.20.4

H.2.21.1

(c)

{d)

(e)

(£)

(g)

(1) Maximum 30-day inc¢rease in contents
(Ac) (acre-ft.) (WY1961-1965). 362,000

{(2) Date: February, 1962

Aec (5-vear) -
Reservoir capacity

.21

Ae (5-year) -
Mean monthly runoff

.76

Reservoir exceeded listed capacity in 4 of
5 years {(WY1861l-19865).

Annual maximum contents (WY19G61-1965)
(acre~-£ft.)

(1) Mean = 1,705,000
(2) Median = 1,745,000
(3) © = 73,700

{4) Mean of annual maxima
Reservolr capacity

= 1.003

(5) Mean of annual maxima +ld
Reservoir capacity

= 1.04 .

Category: II

General Information

(a)
(b)
(c)
(d)
{e)

(£)
(g}

(h}

Dam or Reservolr Name: Owyhee

Region: 13

River basin: Owvhee

Location: Adrian, Oregon, 43°39"' 2 117°15'
Purposes: Irrigation and f£lcod contreol

Drainage area, miz: 11,160

Total storage capacity, acre-ft.: 1,122,000
Effective hvdroelectric storage,
acre-£ft.: O

Storage ratio: 1.0
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Dam or Resexvoir Name: Owyhee Region: 13

H.2.21.2

H.2.21.3

(1)
(3}
(k)

Megan annual runoff, acre-~-ft.: 1,100,000

Installed hydroelectric capacity, kw: O

Average annual generation, 103kwh: 0]

(1} oOwnership of dam or reservoir: Bureau of

Reclamation
(m) References: WRD 352, RUS 85, WSP 1934:382 .
Brecipitation

(a)

(b)

()

(a}

Mean annual water content of precipitation
in drainage area, in.: 9.26

(1) Mean watexr content of precipitation,
Det.-March, in.: 5.70 :

(2) as Ffraction of annual precipitation.: .61

{1}y Mean water content of precipitation,
Apr.-Jduly, in.: 3.01 '

(2) &as fraction of annual precipitation.: .32

Oct.-Mar. precipitation
Apr.-July precipitation

= 1,89 .

.Reservolir Managenenit Parameters

(a)
{b}

{c)

(a)

{e)

(£)

Capacity (acre—-ft.): 1,122,000

5-year range of reservoir contents (WY1l96l-
1965) (acre-ft.) 437,000 - 1,128,000

{1L) Maximum 30-day increase in contents
{Ac) (acre-ft.) (WY1561-1965). 273,000

(2) Date: April, 1964

Ac (S-year)
Reservolr capacity

.24

Ac {5-year) -
Mean monthly runoff

.98

X

Reservolr exceeded listed capacity in 1 of
5 years (WY1861-1%9G65).
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Dam or Reservolir Name: Owyhee Region: 13

(g7

Annual maximum contents (W¥1l961-1965)
{acre-f+.) .

(1) Mean = 926,200
(2) Median = B31;000
(3) o = 164,200

(4)  Mean of annual maxima -
Resexvolr capacity

.83

{5) Mean of annual maxima +10
Reservoir capacity

= .97 .

H.2.21.4 Category: II

H.2.22.1 Genaral Information

(a}
{b)
()
(a)
{e)

(£)
(g)

(h)
(i)
(3)
(k)
(1)

(m)

Dam or Reservoir Mame: Brownlee

Region: 13

- River basin: Snake

Location: Cambridge, Idaho, 44°50' x 116°54°

Purposes: hydroelectric, flood control,;
recreation

Drainage area, miz: 72,590

Total storage capacity, aecre-ft.: 1,426,700

Effective hydroelectric storage, acre-ft.:
880,000 :

Storage ratio: .12
Mean annual runoff, acre-f£ft.: 12,300,000
Installed hydroelectric capacity, Lw: 360,400

‘average annual genéeration, lOSkvh: 2,235,000

ownership of dam or reservoir: Idaho Power
Company -

References:. WRD 423, RUS 41, FPC B2, WSP

lg34: 577-79
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Dam or Reservoir Name: Brownlee . Region: 13

H.2.22.2

H.2.22.3

Precipitatidn

(a) Mean annual water content of precipitation
o in drainage areda, in.: 16.62 '

() (1) Mean wailter content of precipitation,
Oct.-March, in.: 10.85

(2) as fraction of annual precipitation.: .65

(c) (L) Mean water content of precipitation,
Apxr.-July, in.: 4.64

(2) As fraction of annual precipitation:: .28
(a) Oct.-Mar. precipitation _ '
Apr.-July precipitation

2.34 -

Reservolr Management Parameters

(a) Capacity (acre-ft.): 1,426,700

{(b) B5-year range of reservoir contents (WY1l3961-
1965) (acre-£ft.): 446,300 - 1,453,500

{c) {1) HMaximum 30—day'increase in contents:
(Ac) (acre—-£ft.) (WY¥1l961-1965). 594,800

(2} Date: June, 1965

(d) Ac (5-veax)
7T 3sexvoir capacity

= ,42

(e} Ac (5-yvear)
Mean monthly runoff

= .58 .
(£) Reservoir exceeded listed capacity in 5 of
5 years (WY1l961-1965) :

(g) Annual maximum contents (WY1961—1965)
(acre—-ft.)

{1} Hean = 1,443,200
(2) Median = 1,440,800
(3) o© = 5,900
(4) Mean of annual maxima _ 1.012
Reservolir capacity ‘
{5) M(maxxma?k+ lo _ 1.016 -
: capacity .
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Dam or Reserveoir Name: Brownlee R 13

D
\Q
‘,.I
Q
3

H.2.22,4 cCategory: II

H.2.23.1 General Information

({a} Dam or Reservoir Name: Palisades
{(b) Region: 13
{c} River basin: Snake
(a) Location: Irwin, Idaho, 43°20' x 111°1l2'
{e) Purposes: irrigation, hydroelectric, flood
control, conservation, municipal
water—-supply
(f) Drainage area, miz: 5208
(g) 1Total storage capacity, acre-ft.: 1,400,000
Effective hydroelectri:s storage,
acre-£ft.: 1,200,000
{(h) Storage ratio: .3
(1) Mean annual runoff, acre-ft.: 4,700,000

(3) Installed hydroelectric capacity, kw: 118,750

(k) Average annual generation, 103kwh: 610,000

(1} Ownership of dam or reservoir: Bureau of
Reclamation

(m) References: WSP 1934:48-50, WRD 416,
RUS 43, FPPC 83 .

H.2.23.2 Precipitation

{a) Mean annual water content of precipitation
in drainage area, in.: 24.38

{b} {1} Mean water content of precipitation,
Qct.—-March, in.: 14.32

{2) As fraction of annual precipitation.: .59

{c) {1) Mean water content of precipitation,
apr.-July, in.: 7.33




Dam or Reservoir Name:

H.2.23.3

H.2.23.4

(a)

(2)

Qct.-Max. precipitation

Palisades

Region

: 13

As fraction of annuval precipitation.: .30

= 1

Apr.—-Jduly precipitation

Reservolr Management Parameters

{(a)
{b}

{c)

(a)

{e)

(g)

Capacity

5-year range of reservoir contents

1965)
(1)

(2}

Ae (S5-year)

(a

(acre-ft.): 1,400

cre-£ft.) 240,000 -

.95 .

000

1,421,000

{wyloesl-

Maximum 30-day increase in contents

(Ac

) {acre~ft.) (WYLl96

Date: June, 1965

= .42

Reservoir capacity

Ac {b-vear)

Mean monthly runoff =

1.52

1-1965).

591,000

Reservoir exceeded listed capacity in 3 of
5 yvears

(WY1961-1965).

Annual maximum contents (WY1961-1965) (acre-—£ft.)

(1)
(2)
(3)
(4)

(5)

Category:

Mean

Med
8]

Mea

1,295,400
1,405,000
219,600

ian

It

n of annual maxima

Res

M{maxima) 4+ 1O

exrvoir capacity

Il

Capacity = 1.08.
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Kerr (Mont.) L3¢, 58-59
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APPENDIX I: VARIABLE IDENTIFICATION AND

LISTING OF THE OROSIM PROGRAM

€3

i

OROSIM -~ Variable and array identification
MAILINE
KX Incremental value determined by April-July pre-

dicted inflow used in compuiing winter and
spring release.

POWRS Summing variable for yearly spill as of wk. 24.
POWR24 Summing variable for onpeak power as of wk. 24.
POWR25 Summing variable for offpeak power as of wk. 24.
SUMSP Summing variable for yearly spill as of wk., 43.
QSPILL Total spill for week J.

PSUM11 Summing variable for total onpeak power.

PSUM22 Summing variable for total offpeak power.

SUMSPT Summing wvariable for total spill.

PSUM1 Summing wvariable for wk. 43 omnpeak powver,

PSUM2 Summing variable for wk. 43 coffpeak pover.

AZ Control variable for WIF in mainline. A%Z was set
equal to zero for all cases presented in this
report.

WIFI-4 With improved information variable. When WIF=1,
rexrfect information, WIF=0.0, present forecasting
skill.

PAR Flood control parameter.

PCP({T,d) Matrix of weekly precipitation values at the eight
index stations.

TL,T2,7T3 Hourly values used in time check during iterative
spill.

PLIM1-4 Upper bounds on the predicted April-July inflows
which influence reservoir constrainment.

TOTIN Summing variable for yearly inflow as of wk. 43.

TOTINL Summing variable for total inflow of the 26 years.

TOTOUT Summing variable for yearly outflow as of'wk. 43.

TOTOT2 Summing variable for total outflow of the 26 years.




PLIM1-4

N

IRULE
ISTART
SORV]

K

IYEAR
I¥YREND
BORV(I,J)}
BASORV (1)

BARQ(I)
CORRE (I)
ELORVL1
QOUT
MAT(I)
OWEEK (I)
PBAR(I)
J

MM1

MON
PREDIC (I)
SUMOUT

PRECP
SNOCST
NN

STOMAX
JK

Constant upper bounds on the predicted April-
July inflows which are checked against yearly
predicted inflows to determine length of res-
ervoir constrainment about STOMAX.

Number of years to simulate.
Predefined rule (rule B wasg used in all runs).
Starting yvear of simulation.

Beginning of week storage.

Number of weeks to simulate.

Starting year of simulation.

Bnding year of simulation.

elevation and area calculations.

Coef. for volume,

elevations that determine correct set of
coef.

Base
Borv

Mean weekly inflow (historical).

Lag-1 correlation coef. for weekly inflows.
Beginning elevation.

Total weekly ocutflow.

Input format specification.

Weekly inflow data in hundreds of acre feet.
Mean precipitation at index stations.

Week number for year {(J=1, 52}.
Integer month number,

MMI+L,

Predicted April-July inflow.

Summing variable for hourly release during
iterative spill.

Precipitation for particular vear,
Predicted April-July inflow as of month H.

Irast week number of which reservoir will be con-
strained by April-July inflow prediction.

Weekly target reservoir volume,

Weighting factor that is a function of the week
number and used in computing S$TOMAX during
November, December and January, when J=44, 4
JK=1,12.

e
1
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A

EVAP
PFAC
AREA1
QIN
OMIN

QRICE
XK1
SORV2
NBASE
QVoL

OBRATE
QPEAK
STO1
TEMPEL
DT

o}
QMXGEN

TIME
QSPILL
QDUMP
IHOUR

02

QINFLOW
DRATE
DSDT

Weighting factor determined by the time of year
used in computing STOMAX .

Month number as a real number at week j.

Exponent of natural log used in computing evapor-
ation.

Evaporation of reservoir in inches.
Pacfactor.

Surface area of reservoir.

Inflow for week j.

Minimum ocutflow for fish flow plus minimum needed
for service area power demand.

Monthly power demands to service area.

Weekly precipitation-evaporation.

End of week storage.

Lagged inflows for base inflow rate at time t.

Pos. change between week t inflow and week t-n
inflow.

Hourly bhase inflow rate.

Peak inflow.

Beginning storage for iterative spill.
Present elevation for iterative spill.
Two-hour time wvalue.

Base inflow rate.

Maximum outflow in acre feet that the Hyatt
generators can take per +two-hour period.

Time counter incremented by two-hour periods.
Summing variable for QODUMP.

Summing variable for DRATE and DSPILL.

Same as TIME.

Base inflow rate plus change in inflow as func-
tion of time.

Inflow per two-hour period.
Spill rate.

Change in storage per two-hour period.




/o

QOTPLO
ANGEL
POWFAC

PON

POFF

Total cutflow per two hour outflow.

(3]

Average weekly reservoir elevation.

Megawatt hours generated per one acre-foot of
release.

Onpeak energy produced at Hyatt power plant in
thousands of megawatts.

Offpeak energy.

NEW VARIABLES APPEARING IN SURBROUTINE RULE

DELT1

SUMBAR
SUMPOP
IMI
SLOPE
sS4

S3
DELSTO
OMI
DELTA
cc

As a function of week 39, DELT1l is used during
the nonflood control moniths to first increase
the outflow up to and including week 392, then
decrease it until storage is brought down to the
November lst requirement.

Summing variable for mean precipitation.
Summing variable for precipitation.
Lagged week number.

Slope of flood control diagram at week t.
Required £f£lood control reservation space.
Maximum allowable storage.

Change in allowable storage for week t.
One week lagged inflow.
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PCARS=EIaUS +YSPILL
SLORVA=cLEVLH (SCHY 2)

CoenonytiUTVea s VHIEAK RLLEASE QOUT 2, »s OFFYEAX KELEBASE
LEQLOUI~114250) * 0,100,101

100 JuiT 1=QuuT
Jout2=¢,
$C Tu 122

101 wOUT 12114250,
wldiz= Lat-1t0250,
SLUTZA0SIHT {114 235C. 06, L00%2)

102 LLHILbUS

Cesena CALL MAYEMRGE HEEALY MESERYVOLR BLEVALIOH
AVIEL= [ELUBVIAELOLY L) %9

Cenvoslaby BEARATI HYOULS PEN AC-F1 HELEASE

22733742

0s1HI200
Lulnizie
USLHI420
O5IH3230

USLHE36C
OsIBizeLl
D5LM3276
US1kJ2B0

USLHI290
05163 3uv
[{ERN EERYI]
Goltiaa.l
USLHI340
ULlitsSud
O5LAdd50
usl &z Jul

C51M43300
[¢1-3 4R EEL]
[UES R T3]
Lulnduic

Pualb ale=1,290600 3145643, 0430 17389837 AVonL~1. 52380583 7E~0*AVSEL#2

Corns s UALL DB2rEnh Ahl OFFPEAR PCHEER GENEUATED
Pu el ALY UL 1,00
PUAF=  CUE2REORE ACH,. GG

¢

CossaeACCURULATE PUwek YRGEUGCED
PLEURI=ESUHI+ECH
FSUNI=PSUN2+PLFF
PSUHSESUBT1+PSUN2
BLap2U=EQARZN «20H
PCAbZD=FOnut 2D+ IGTF
WTIN=90TL b I REEK {KHEEK)
TUEOUT=TOYOUE4¢CYT
LU= 4 PO T
TUSON1=XdSUd1+ECPFT
1F {RAEEK. kU2 1}6GC TG 103
LE{Jshrotin) 30 10 105
PYLAu=IYcah+1

103 COLTLIKUE

LSLHINIC

USihslel
0SINIuvo
CsLniuyl
08£H34Y0

0s5EN3500

USLESDbLY
0SLN2550

BAGE 0007



£~ FORTRAS IV G LEVEL 2% HAIH DALE = 75167 22733/42 PAGE C.
= 0315 KRITE (UNITZ,B855) LY EAR USIN3SH0
315 WHLTE(UNILZ,B52) s L3 950
0317 105  CONTINUE UbLK33uG
c WHETE (UJET2 ,B51)J, ELCHEV Y, ELORYZ, SORV1 ,SORV2,2Ak, 53, UNERK {KHEEK) , OS1H3570
c S,LUT, CUJTI, CSPILL,PON, POFF,5TCHAR ] CSIHd 50
0118 IF(J.HE,20) GO TO 6000
T 09 _ RHLITE(6,490017)
0320 9001 FORMAT(1X,"THE FONES + SPILL VALUES FOH WK 24 ARE:*)
01321 WHITE(UNIT2,853) ECxRS,ECHR2G ,EOHE25
_ 0322 . 6000 LF(J.NENS) GO 10 7000
g3z T SUASPT=SHYSET+SUASP
gazy - PSUNT1=4SUE 1T +ESUT
L0335 ESUn 2R FSIG 22 +PSUN2
03286 HOTEGSTUTIHY 1T LT L
0327 TUPOTA=LOTLT2 41 GTOUT
___o3xa THEUE=THEts +1 504
329 TH= IR =T0ilbn 81 + THSU BT
o3t welTE {6,400
0331, __ 9002 FORUAT(14,tThk SPLLL AND PONER YALUES FOR WK 43 ARE:')
03312 HHITE (UNLT2,853) SUSSE,ESUNT,BSUH2
03133 WELTE (0, 4003)
L0334 9003 POANAG(IK,'THE CUBLATIVE VALUES FOR IHE SPILL + 204ER ARE:')
. 0335 dRITH(UNTLL,U53) SUNSET,PSUBY1,PSUN22
0336 #HLTE |0,2999)
0337 .. 2993 FCRHAT(1X,*TUE QLN AND QOUT YALUES FOR WK 43 Ams2?)
-t 0338 HalTE(H,2998) IOTIH,T0T0UL -
H 0333 wHIlE(&,2997)
= 0380 2997 FOnBAT{i4,'THE CUHULAIIVE YALUES FOR GIN AND JOUT AkEs*)
L LT ABEEE(S, zvsu| TO1INT,TOLOTZ
0342 2398  TusYAT(110,00%, 2P1E, D)
. 0343 & WHETE 16,7212)
PELT 7212 eua:at{ix,'rua WK 43 YALUES FCR O AND OFF TOERHILLTO POMEH ANE:* .
0345 AulTe (b, 2998) ThSUH,THSUBT
5346 YRLTE(G,7213)
0347 7213 PCAYAT (14,1 LiNE CUBULATIVE LHERHILITO POHER VALUSS ARET")
034D WALTE {&,2996) THELN,THERHT
T 0349 . Isun=C, 50
© 08350 THSUS1=), BO .
03z 50A50=0,00
{0332 BsJn81=0,00
AT $353 psUn2=9,00
- 0354 PUwhaS=C, B0
0355 EOW L2420, DO
" 0458 POARL 2550, 00
0357 ICTIR=0.00
0358 TOTOUT=T. 0
BS51  FCHUIAT (M 1K, 52,3%,279¢2,259.0,F7a2,9F940) USE#3o0C
853 FORMAT (100, 60X, 3F10.40)
L . 852 PORMAT(IH ,13QH HEEK BEGILY BEHD BRGIN END PLOOD  AUSIH3IBZO
R SLLOW WoEKLY  WREKLY OFFEEAK  SPILL GNPLAK OFFRLAKR  STO
SHAK e/ 2%, 1300 HU. ELEY BLEY  SPORAGE STORAGE  UL1HJLUC
$PARAY  STURAWE  IKZLUW  OULFLCH OUTFLGw  OUTELUR ENERGY nHZUGULLLIEED
E34 } : o usitduby
855  FORBAT (ldf,//,51%, 190ssteennd YA TEH YEAR ,Id,.50 *=x& ) USIEIbLTC
7000 Tuldu (KJEEK)=508¥ 2%, 0CGCO1
LENSIU{dnkin) =5 2%, 00000 LI H b

Ia

e s Brasn, wfdne Loy § o

o o gl i St n e



, g‘ . FDATHAE IY & LEBYEL 21 HaIw DATE = 75167 22733702 PAGE 0Q0OY
H
c IZ(KreEEEyEULK) HBITE {62, B60) (1STCR (£) p1=1,K) O5LE37LC
c IF (KW EER. EQW%) HEITE {02, 860) (TENSTO(I) ,X=1,K) Colnd710
. 850  PORSAT (12F6.3) O8Id4720
_ CesessUPDATE BESEBYOLG 05143730
e SURY1=5GRYV2
‘;' o SLOHY I=5LOKV2 05103750
Bs-o G368 500  COSTENUE 0S1ns700
S Q39T S0P )

0370 ERD




i m mbs

vi-I

gt

LA 11111
unn2

a093
~ 000U

f—

CosvoeTHLS SUIAOUTINE sAILL CAICULATE TUE WEEKLY RELEASE FIOH OROVILLE

© e e T — e ——e .-

]

805
803
12

2 RULE

SUBROUTINHE RULE
LHPLACLD REAL*Y {A-U,C-Z})

INCLGER UNETT, UNIT2

COUNOR/LAAG b/ yH ESK {600) , GIN,COUT, U1 ,2CP (8,52) ,53,508Y2,50RY1,

T Enti,HIT7,Q1N02,0103 ,QIN0, HIFZ, W1FI, HIFY,

1 T5TQR{2000), IENSTO(2500) ,53CEAX, PREDIC (4) , PoAk (d) . BARQ (52) ,
1 CORRE(52) ,ulICE(12) ,BORV (7,4) BASOHY (7) ,JHELK (52} , N, J  KHEER,

T US1TT,U8IT2, AT (20) U, K&, JYEAR, I
RS EXEFEN|

PELTI=DASS (DELTT)

I8 {Je By 39) DELTL=T.0

LF [eGEs 20, AUD DG LT, 3TN GO U0 44
SUABAbLeY,

S5UHPLE=D,

JHizd-1

IF (38 1.22.0)3U1=52

J1 J *1

J4 J 42

J2a J +3

I2 (Ja B30} 3321

IF{Je £2.51)GC TC 44
IF(Js EV. 32} 060 IC B&u2

50 TO 4350

coNtIuu:

Ji = 1

JJ = 2

Go TO 4950

CLSTINLS

41 = 1

32 = 2

33 = 3 .
CONTLHUE

dIF1 = MIF ¢ ,CCOQGGO001

HI = JEFV1/(NIFT4H1F240ITI4HIEY)
IE(IYEAMR W LT.1947)CALL HORALNK{J,54)
IF{I¥chid LT+13U7)GC TC 30
IP(kPEndaEde1) 30 70 12

oc 5 1=1,8
SUNBCP=500PCP+PCP (I, 081)
IE(LUP (L, 387 ke 0)GC TC 5
SUHeha23UKo AR+ RPBA R (T)
2HIT+{UNLIZ,d00)PCE(1,311) , SUKECE,SUNEAR
CONTLIHUE

IF(SUNDAR) b ,.6,7

CCUT L b

Phu=Paba,5078+ (SUHPCE/SUNBAR) 240, 32
Go 0 12

COHTIHUs

EAD=2A0+,8078

FOANAT (I} ,21I5,10F10.2)
FORUAT (N0, 13P10. 2)

Lua TINUE

Pal=CAlS1{PAR,17.D0)

nonu

Casaes LUCAT: PROPEN AHLA G FLOUD CCHTECL DLAGLAY

IF (JyuE, 37, AH0dLTL81)GO TU 15

bats = %107

22733742

USINITY0
DSL H3bLG

Us1H3H880
C5INadyy
0sI 83300
LI nagie
05183346

0SLH83430
0OSLE3Y 40
051k3950
FESNRETY
CSIt53970
D5iH190(
US LNyl
CSLsu0do
C51uu010
OSLBULEC
Us 144036
us1Mudyd
CHIBu0bH0
051Ah4000
O3 Lahd70
UsLELLsc
GSid-4 G040
siat v

Lol Buelou
0Silu4 138
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HOO4 80
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0 @Y (TINLOIEC

Br,

S1-1

e e R T aE

T FORTEAN I¥ G LEYSL 2% HULE DATE = 75167 22,733,062
00s0 IF(JuGEe41a05ada L%, 73160 TO 20 USLH4TuD
2351 Ic(Jaik, T3, ADLJ.LT28) 60 0 25 LELRE1LD
0052 15 CONTIKUE DS EHE 160
LLEE] SLOPE= {100, = (PA~8,} %12, 5) #3000, LILAY1TO
§§¥u< gesy IF{PARLTY0) SLUPE= (93, 75) #1000, 05148160
F- 4055 EE(PAR,GE. 1) SLCPE=187.5% 1000, C51u4120
i 0056 _  _ Su=5LUPE* (DFLCAT {J)~37)
- T CeeveeSU IS T3 KELUIRED YCLUBE ©C SESERVE EOR ZLOOC CCNTROL UsLHYZ1C
0057 Gu To 32 OSIHuZ.Q
058 20 CoNLinua LSLY 3G
70089 T T - Su= 375000, + (PAA-3.75) 450000, CSLMHG (40
CCal IF{PAda LEL3.T73)54=375000, OS5Lh4450
0001 IF{FAi1sd2411) SU=750000. USLHEd 260
1 R LG Tu 30 CSLEuL.70
.DOa3 25 CONTEHUZ 05134 00
5064 ) 5Us375630,+ (PAR~3. 75) *5LC00, =68 18 2, *DELOAT {J~12)
%ﬁ?ﬁ ToGes T 30 CUNTIHIE 051du320
: Ceeub 5u=LMANT (0. L0, 358)
Eoow CCo7 5J= 3534000-354 051Hu 34C
PDEY:! - CELSTO=33-80kY1 05 1d43ED
WS IF{kercki-1} 32,32, 31 CsLavdLl
og7e 31 CONTINOE 051 ¥u 37U
09071 o Gl niiR (RREEK=1) 0512 400
072 32 CUNTLIHUE Colabivh
. §o73 IF(KakEls B« 1)QRT1=2E209,. IS4 L THAN
oo7u = : LE(J LG, d4) KE=0 usiptuig
Cosys THIS LCGIC 15 THAT CF RULE B~1 WITH THE RESEDVCLR UHGCONSTRAIKED I8 Fib
0075 : IF(J. 5Ty H43e CReJoLELBN) GO TIC 38 CSIdsui0
0e7e " " G0 TO 34 CHLEHEG0
0077 38 cONTIRYS UYL ULYS0
. 0g78 CADJI=C, LD
a0T9 T T T TT T QeLta=STONAR= SOV L5IHBuE0
0030 RR=RK+T CSLH4470
© 0931 LE({S0BVI.GT.53) G0 1€ 34 UsIHUuEl
T e o BRITe (5,2005) DELTA,d
e 0532 2005 FGIUAT{IX, " DELTA=*,E15. 5, = ,I4)
7 9033 IF{UELTA) Jb, 30,37 CSLH4uYO
" 0034 36 CUNTLINUE USLA450C
00as CC=0.25 ubLd50
2046 IF{JeTr 26 ChedLELY) CC=1a 0 CSLKBu5.0
. 0087 T 1E{J.GTsla A0DeduLEs B) CC=0,5 CSIHu5B30
c WHali WIf=1,00U0%=yTls  THIS X5 CORRECT IN THE YOHCONSTHAINELY CASE
. C  AGAIN IFf WiF=0,QUUI WILL THE SAt: AS BEFORE

0088 ~ =TT GDUT = wD#g
4 BAR (O} +¥I BN (QEN~BARE (J) J FCORKE {J) # (1« BO~HIF
. 1 )= (UHI-BARY (JHT} ) ~CELTASCC  4CADJ
s R § +{IIP2/HIET} 2 (WIF2PQIH2 + (1a~HIF2)*DARQ{31))
4

E
H +(AI23,a P *{BIF3*QINI + [T.~HIFJ) *BARL (J2))
Ewe € (nIFL/MIF ) ¥ [(nIFUCING + {T.~HIF2)¢BARY (J3]))

- T e WELTY {UN1T2,B00)PAK,SH, 53, DELSEO, BARG {J) ,CORRE {J} ,uOUT, 4LB, DELLT

00a% C HEIYRY :
- 00390 37 coNTitve
v 3091 NOdT = np%{
1 AR (I) Pl E (G Lh-BAKL (J}) *COuE () * [T LU=hEF) # {LH T=gdny JaT)

T )~udin1{UFLUAL (KR) 13, 86, 1. L0) #DELTA  +UALJ
2 C(alZ2/mIZ ) 8 (n1E27L 002 ¢ {le=drTa)*bda (J1))

Citlia

OSIN477¢
USLRUHS5D
ULS1Hesol

Lhtivube?

BAGE 000

RIS
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"TFORTREAY TV G LEVEL 21 FULE DATE = 79187 22,33/

i
1
2
3
i

1
1
2
3
4

+(UIPI/RIZ ) % (HIFIZQINT + {1.=WIFJ}AUARQ{d2))

+(HIP‘!/HI?1)*{HIPU*Q1“4 + {Te=RIFU)*BARY {13)))
HRITE {UNITZ,800) ¥AR,S4,53,DELIST0, BARY {J) COLRE(J} ,YOUT, QIN,DELTL OSLAEGT70
RETURH i . R . R OSIH459C
. CONTINOE. : . o O5L84600
CADJ = 0,

ARLTE(6,20066) DELSIO,d .
FTOKNAT (VZ, 'EBLSTO=Y,F15.5,1d=" , I4)
17 (DLLSTO) 35,35,40 0sIstul0
QUUY = RI%{
Lhly (J) +¥1E* {CTN-BANG(J) J+CORBE(J) # {1« UL —=HL D) * {(U41~BARY {JH1) JCHNGLO 2

~BELS FUHCA I

t(WET2/RIT )% (KIEZ*CINZ + (1.-RLF2}*BARQ(I 1))

#(2lP3 wIF1) *(RIFIXQINS ¢ (To~RIPI)*Baly (J14)}

+{AlZ4/NEF1) #{WIEN*GING + ({1.~WKLF4)*BARG (J3}))
GO TO u3 _ OSLH4630
COKTINUZ ' O8Iht6u
GCUT = al*(

BAR2(J) +RIE* (LIH-BARQ{J} ) #CORRE (J) * (1. DC~%LE} ¥ {CH1=BARQ (381 ClLNGGU3D
}) =« 5*UELST0¢ CALS

V{IF2/RITY) * (WIF2RQLNZ + (14-wIEZ)*DAuY (1))

+(KIFS/MIFI) * (KIFIFOTUI + {14~HIFJI}*BARG (12))

¢ {ALES/RLIET} A (RIFUXCING ¢ (1a=dHIF4)*BARY (J3)))
GC T 45 USIHYL60
CUNTINUR LSIBEGTO
JOUT= i (SOUV2-24760CC) /BELTI ULLH4LL0
BAR=0, USLHULYD
§3=3533300. OSIHN7LE
CONTLHUE CSLEST 10
IF(JsGEa37, AND. Ju LTLH3) GO TO U6 ' OLLHN720
ARLTE(UNIT2,806) AR, 54,53 ,0ELSTC, BARY{J) , CORRE {J) ,ubUT,ulN,DELTL OSIEuTT70
RLTURN CSLE4T7 30
CCHTIKUE us1au74c
CUT=DHaxX? ( (QIN+ (SORY2-2470CCC, ) /DELTI) ,4OUT) OSIHu7E0

12 (50RYV1.LELS3) UOUT=PUIKT (JOUT,226500, DO}

¥RLTD (UNIT2,806)PAR, 34,53,DELSTC, BARY (J) ,CORRE (J) ,QOUT,QIE, DELEL OUSEN4770
BELUHN USIH4TEC
EXD US2484790

PAGE 0003
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T T"roBTRAH I¥ G LEVEL 21 ELEVUR UATE = 75707 2273302
. _ocor _ HEAL FUSCTLGN ELEVCH™H (VOL)
ooo2 ISPLICII HeALS® (A~§,0-2)
0903 IhTEGER HAITI, UBLITZ
o . .._CueasssTHIS FUNCTIUN CALCULATES THE ELEVATION OF THE RESERYOLE ¥WHEN VOLUNL
- * Crunens IS GLIVEN AS THE ARGUSENT USL BB 20
000y CUNBON/LALGE/ s LK (2600} , LER, COUT, Q11,002 (8,52) (53,500Y2,50BY1,
T EAN, RIT, wIN2, GIN3, 104, 5IF2, RIEY WEPY,
1 Tsrog (2u00), TEASTO (<600} ,SICEAL, PREDIC (4) , 2BALR (8} . VARQ (52} ,
1 CURUE {54} ,oRICE(12} ,BOLV (7, 4)  BASORY(7) (SHEEK {52} ,8,J,KHEEK,
T OUNITT, UHI1 2, AT (20) UL, B, LYSAR, S 1
. Covavas FIHU FvOPER SET CF UCEFFICIERES OEIHSBSC
P €005 IF (YLL-uOLY{4,1)} 5,9,40 05384060
. .. Qcos . 3 conlluys OsLtte?l
QLe? IF(YUI-30u¥ {2,1)) 1C,15,15 USEh3 B0
0¢C3 10 I= 1 L1840
GC23 GG TO 70 LYLAu900
0213 15 IF (YLL ~BusVY(3,.1) ) 2C,25,25 LElBuz 10
Geti 20 I= ¢ GLitiuy 0
goi12 S0 0 W ULty
cotl 2% I= 3 Uhiingied
0014 J0 70 70 Ubatdedyl
04615 uo CChTINUL Chadbs bl
07 §n1s IE(VUOL-BORY (5,1})u5,50,50 Lolauy 70
x [ s 45 1=y LSl Ansel
2 0218 s0 Te 70 ChidbbyC
apig 50 IF(YCL-OCRV {6,5)) 55,060,060 Us145900
6020 55 I=5 Csltaul0
ooz $0 Tu 79 LhHin50:0
E=ET ociz 60 IE{YCL-dURY {7,1))65,75,75 Us 1649030
H 0p23 65 I=b UslFstul
jE-.. 0020 su TO 7C LulbELo90
g0 75 1= 7 usLasbhuy
+ 002w 70 COMTERUG DSIESYTQ
22 k=0 LEL 5l
oc23 821 FCHMAL {10X10) CLlnbzC
0C29 ZL= EASORV (1) £30. csiazi g
ll ccoae 39 JELTA= {STOLUN {EL) = VCL) /DHEAOGH (EL) LHIALIC
0351 IE (KaGE. 204 GHD MBS {DELTA) W Lke0Y) GU TO 90
0032 ELTLL-DELTA Use%s13C
- e HE1TE (L ,600) K,EL,.YCL,DELTA LSI45140
BT 0033 TITUBI0 T FORMAT(HE 15,512, %, 812.0,212.6) UsL85158
¥ 003u B=§+1 USIHLIBG
e, QU35 su 10 B0 GsLE5170
0036 30 CUNTIHUE Cy1457u0
0037 ELEVOE=DNAXT(¢29C. DC, L)
0038 RETUBN 05185200
B pp3s ~ T END 0s1 H5210
[ -
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T'roETEAY IV G LEYEL 21 3T0ROR DATE = 751867 22733782

e 0007 . HEAL FUNCTZON STULOH™H (EL}
0602 INPLICIT REAL*E (A-8,U-4)
00g3 INTEGEH UKLT1,UMTZ
_CresedEHIS FUSCTICH CALCULATES THE STORAGE IB THE RESERYOIR WiEN ELEVATION IS

e TCrenae THo GIVEN ARGUMENT GS1H5240
COBHON/LANGE QK LEK (2600) ,QI K, GCUT,Q81,PCP{B,52),53,50RY2,50RY {,
C 1 BAULRIE,GLN2,4EU3,GINN, WIFL, HEP3, HIEY,
1 TSTOR{2600),iEN370{2600) ,STCEAX, DKEDIC () , PHAR (B) , BARQ(52) .
1 CORBE{S2), CRICE (12} ,BOBY (7,4),BASORY (7),IVNLEK (52) (H,3,KWELK,
1 U4LLD1, UdLT 2, BAT (20) 50, KK, IYEAR, I8
I=IF L4 {SdSL(EL~29C.L0) £100) 41

LIF (eleds.by0,) I=7 ; 0SI1H5280
LZ(EioLk,290,) I=% OSL E5240
FORBAT(10110) C5IN5300
1= EL~BASOLY (1) 0885310
STORCE=J0RY (1,1) +BORY {X,2) %Y +BORY (L,3) #¥*Y + 0SI£5320
5808V (I, ) *Yeyny GSE 5340
STORCA=CHAX 1{0. L0 ,SLOFVE)

AEFUuY OSIN5350

END USIHSAL0

PAGE 0007
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F= "FOBTAAN XV 6 LEVEL 21 ABEADL BAME = 75167 22733742 FAGE 0001
... 0001 HEAL FUWICTICHN ABEACR*E({EL)

GHn2 INULICLT BLAL*Y (A=l .C-8)

0go3 IUPRGEY UNITY,0%L12

L Cyevwe IHIS FUNCTICH CALCOULATES THE A4EA OF ‘IHE RESEHYOLE WHEN AN ELRVATION
. : T CaseeelS GIVEN AS THE ARGUBRRT ' uS1n5340
- DOO4 CuABGN LARGE/GRESK (20600} ,0X 4, GCUT, QUT, BCP(8,52) . 53, 508Y2, 500V 1,

N P 1 PAR,JIE,LIN2, GIN3 o INU, KIF2, hIF3,dIED,

1 TalUn (2000) , TedSTG(2000) ,STCFAX, IEDLC (4) , EBAR(8) , BAdy {52) ,

1 CORKE(52) ,URICE(12) ,LOBY (7 ,4) , DASORY (7) ,dMEEK (54) (N ,J,KIEEK,

T URITY,UNLT2,MaT(20) , Nl KK, ITEAL, JUT

L=IFPLX {506GL {EL~-2v0.u0F #100}41

Y

, IF(aLeGE,890.) I=7 DSI 5440
L IF (uleLie29C, J2=1 usinsuac
Y= aL-BASORY()) usIahys50
AZLAGESUIRY {1 2)+HORV (L3} 5 Ydi, +3,#L0ORY (X, 4) USLuS460
Soy4y CSIn5470
BETULN OS5IB544C
GSIunuvl *

Eup




0g~-I1

prnmm

H FORTAAY XY G LEYEL 21 HOLAIR
ia_._.aaai SUBBOUTLHE HORAIN(J,54)
0002 ABPLICED REAL®Y (A-l,0-3}
eno) INTESER UN111,UNE%2
—— Cessnn FHIN HUSIVUTINE IS5 OHIY USED WHEN PRECEPITATION FOR THE INLEX
- Ceapre STATIONS IS HCT AYAILALLE
D eoy UL1H2hSLON PEC {12}
0005 . CSAVE=750.
NEos IF(J,HE. GG 16 10
¢o07 2EAD (Y L,d00) (QPC(I),2=1,12)
anig .18 CCNIINUS
¥ - 8009 SF{ 500 32) GSAYE=QEG (12)
Foo 2010 - HH1=J20, 33
= con IF (#leifa 1) BEI=11
0012 HONTHSANTE]
0013 IE(aHt. L. 03 HIT=12
.. @piw E=UFC (A1)
£ 0015 IF{80N1d. Eya 1) B=QSAVE
= 0016 Su=D+ (UPC (HON'EIN} ~B} # (PLOAT (J) /4233~ (HOHTH=1])
[STEI 12 Y . 54=54*1300. .
0018 800 fOLYAT{12FbA 1)
0019 801  FURBAT(id ,12F10. 1)
Go20 802  FORQAR{NI ,13F10.1}
A )¢ P 3 REFY AN
oo 0022 EHD

DATE = Thin?

22733782

051 25500

C5185510
CS1H5520
05105530
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