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ABSTRACT

Management of a large river basin requires information regarding the
interactions of variables describing the system. A method has been
developed to determine these interactions so that the resources manage-
ment within a given river basin can proceed in an optimal way. The
method can be used as a planning tool to display how different manage-
ment alternatives affect the behavior of the river system. Direct
application is made to the Colorado River Basin.

The Colorado River has a relatively low and highly variable stream-
flow. Allocated rights to the consumptive use of the river water exceed
the present long-term average flow. The naturally high total dissolved
solids concentration of the river water continues to increase due to the
activities of man. Current management policies in the basin have been
the products of compromises between the seven states and two countries
which are traversed by the river or its tributaries. The anticipated
use of the scarce supply of water in the extraction and processing of
energy resources in the basin underwrites the need for planning tools
which can illuminate many possible management alternatives and their
effects upon water supply, water quality, power production, and the
other concerns of the Colorado River water users.

A computer simulation model has been developed and used to simulate
the effects of various management alternativgs upon water conservation,
water quality, and power production. The model generates synthetic
sequences of streamflows and total dissolved solids (TDS) concentrations.
The flows of water and TDS are then routed through the major reservoirs

of the system, Lakes Powell and Mead.
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Characteristics of system behavior are examined from simulations
using different streamflow sequences, upstream depletion levels, and
reservoir operating policies. Reservoir evaporation, discharge, dis-
charge salinity, and power generating capacity are examined.

Simulation outputs show that the probability with which Lake Powell
fails to supply a specified target discharge is highly variable. Simu-
lations employing different streamflow sequences result in probabilities
of reservoir failure which differ by as much as 0.1.

Three levels of Upper Colorado River Basin demands are imposed on
the model: 3.8 MAF/yr (4.7 km3/yr), 4.6 MAF/yr (5.7 km3/yr), and 5.5
MAF/yr (6.8 km3/yr). Two levels of water demand are imposed below
Lake Mead: 8.25 MAF/yr (10.2 km3/yr) and 7.0 MAF/yr (6.8 km3/yr).

Although the effects of reservoir operations upon water quality
are made uncertain by a lack of knowledge regarding the chemical
limnology of Lake Powell, two possible lake chemistry models have been
developed, and the predicted impacts of changes in reservoir operation
upon water quality are presented.

The current criteria for the operations of Lakes Powell and Mead
are based upon 75 years of compromises and agreements between the var-
ious water interests in the Colorado River Basin. Simulations show that
Lake Powell will be unable to conform to these operating constraints
at the higher levels of water demand.

An alternative form of reservoir operation is defined and compared
to the existing policy on the basis of reliability of water supply, con-
servation of water, impact upon water quality, and the effect upon power

generation.



vii
Ignoring the current institutional operating constraints, and
attempting only to provide a reliable supply of water at the locations
of water demand, is shown to be a superior management policy. This
alternate policy results in the conservation of as much as 0.25 MAF/yr
(0.3 km3/yr) of water. The impact of the alternate operating policy
upon hydroelectric power generation and the potential use of the con-

served water for development of energy resources is discussed.
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CHAPTER 1

INTRODUCTION

1.1 Project Objectives

The purpose of this research is to develop a systematic method of
examining the effect of management operations and resource development
on the water supply and water quality within a given river basin. The
work is applied to the Colorado River Basin and possible management
strategies which provide efficient use of the water resource while
reducing the magnitude of water quality problems are examined.

Existing and anticipated future patterns of water use are incor-
porated in the study. However, some legal or institutional constraints
on the operation of the river system are relaxed in the formation of
certain management alternatives. The comparison between these alter-
nate management policies and those defined by current institutional
constraints is an objective of this study.

To accomplish these objectives, a computer simulation model of a
large portion of the basin was developed. The model simulates the
flows of water and total dissolved solids through the river system,
including the major regulatory reservoirs. Reservoir modeling includes
evaporation, mixing, and hydropower generation.

The model is used to study the relationships between the hydro-
logic, water quality, and institutional variables of the river system.

In particular, the maximum storage required to meet basin water demands



is examined, both within the context of existing institutional oper-
ating constraints and without. A comparison of management strategies
is made, indicating the costs, in terms of water supply, water quality,
and hydropower capacity, of adopting one strategy over another. These

comparisons are made for various levels of water demands.

1.2 Project Relevancy

The need for better planning tools and methods has become well
recognized as water management systems have become increasingly complex
(N.A.S., 1968, p. 97; O'Brien, 1975). The planning process serves to
display a range of alternatives from which the most desirable, on the
basis of some set of criteria, may be selected. The information ob-
tained during the development and use of planning tools serves as data
for the decision process. In that context, the National Academy of
Sciences has stressed the need for planning studies to consider
alternatives

...both within the existing laws and policy structure and

on the basis of the assumption that existing laws and

policies might be changed to permit a wider choice of

alternatives, so that government representatives and the

courts will have a better understanding of the consequences

of existing arrangements and of the opportunities afforded

by new ones. (N.A.S.; 1968, p. 85)

Management studies contracted or funded by the regulatory agencies
involved often fail to include examination of policy alternatives that

represent a radical departure from established procedures. This study

hopes, by example, to inspire new interest in this activity.



The following sections discuss the applicability of the study to
the Colorado River Basin and sketch the history of development and

legal institutions in the basin.

1.2.1 Relevancy of Application to the Colorado River Basin

Few river basins exemplify the need for development of a system-
atic method of rational management of water resources better than the
Colorado River. The relatively low natural run-off, the high degree of
resource development, and the fact that the river traverses two
countries and seven states combine to generate a complex problem in
water management. Water rights to the river have been contested for
over 75 years. The net result has been the aggregation of a massive
and, in some areas inconclusive, body of legislation and court rulings
adjudicating a deteriorating and diminishing river flow.

Over the years many millions of dollars have been spent develop-
ing the water resources of the basin. The high salinity of river water
at the Mexican border and the necessity of meeting federal water qual-
ity standards have resulted in large expenditures for salinity control
(U.S.C.; 1974). Unless a method of analysis is developed which enables
a clear choice to be made between alternative operating policies for
the river, there is some doubt that further monies will be spent in the

way most likely to produce a long lasting solution.



1.2.2 Early Development of the Colorado River Basin

The Colorado River Basin, technically divided into an Upper and
Lower Basin (see Figure 1.1), has a total area of approximately 244,000
square miles (635,000 ka) and carries an average annual natural flow
of between 13 and 15 million acre-feet (15.6 to 18 km3/yr). Of this
amount, over 5 MAF/yr is exported from the basin to the Arkansas, Missouri
and Great Basins, and to the Southern California area.

By way of comparison, the flow per unit of basin area for four

U.S. rivers is shown below.

River Drainage Area Runoff per
Basin (in millions) Runof f unit area
(acres) (kn?) (MAF/yr) (km3/yr) (in/yr)  (cm/yr)
Colorado 156.0 0.63 1510 18.5 1.15 2.92
Mississippi 790.0 3.2 440.0 543.0 6.7 17.0
Columbia 165.0 0.67 180.0 222.0 13,1 33.3
Delaware 7.9 0.03 14.0 : 17.0 20.9 53. 1

It is interesting to note that the Columbia Basin, while of approxi-
mately the same size as the Colorado, carries an order of magnitude
larger flow. Because of the geographic and geologic conditions in the
basin, silting and salting problems in the Colorado Basin are more
pronounced than elsewhere. The same factors contribute to the irregu-
larities in flow. These qualities characterize the Colorado River as
an arid or semi-arid river basin.

Settlement of the Upper Basin by outsiders began in about 1860

and resulted in the irrigation of 800,000 acres (3200 ka) by 1905.
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The Colorado River Basin and Major Storage Reservoirs
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Due largely to land reclamation projects the acreage of irrigated land
nearly doubled by 1920, at which time growth began to level off,
acreage increasing by only 1500 acres (6 kmz) between 1920 and 1965
(U.S. Bureau of Reclamation, 1971; p. 12).

Although irrigation had begun in both the Upper and Lower Basins
at about the same time, development of the southern region was initially
slower largely because of the difficulties of diverting a river with
such large fluctuations in flow. However, beginning with the first
large scale diversions through the Imperial Valley Canal in 1901,

development of the Lower Basin proceeded rapidly.

1.2.3 Development of the Institutional Setting

The basin states wére active in determining surface water rights
in the form of the doctrine of prior appropriation. In 1902, the Fed-
eral Reclamation Act paved the way for developing a general body of
rights on the federal level, and authorized the Secretary of the In-
terior to develop water resources (U.S.C., 1902; see also U.S.C., 1968).

In 1922, Lower Basin water interests proposed before Congress an
enormous storage reservoir and hydroelectric power project, later to
become Hoover Dam. This same year the Upper Basin, fearing that the
Lower Basin would accumulate rights to a majority of the river flow,
desired the formulation of some agreement concerning the right to use
Colorado River water.

The water rights dispute that developed between the Upper and

Lower Basins, and which strains negotiations even today, has resulted



in a body of legislation controlling the use of water and the operation
of related facilities throughout the basin. A brief summary of the
legislation and court rulings relevant to this study follows. [For a
more complete discussion of the legal and political history of the

Colorado River see N.A.S. (1968);and Mann et al. (1974)].

The Colorado River Compact of 1922

The agreement eventually reached between the Upper and Lower
Basins, referred to as the Compact of 1922, legally defines the Upper
and Lower Basins and assigns rights to Colorado River water to each
basin (N.A.S., 1968). On the basis of hydrologic records available
at the time, the mean flow of the river as measured at the boundary of
the two basins, Lee Ferry, Arizona, was taken to be 15 MAF/yr
(18 km3/yr).* The Compact divides this quantity equally between the
Upper and Lower Basins, providing rights for the use of 7.5 MAF/yr
(9.2 km3/yr) to each basin. Three additional articles state that
(1) the Upper Basin shall not allow the flow into the Lower Basin
to fall below an aggregate of 75 MAF for any period of ten consecutive
years; (2) that the Lower Basin might increase its beneficial consump-
tive use by 1 MAF/yr; and (3) that any quantity of water subsequently
promised to Mexico must be contributed by both the Upper and Lower

Basins equally.

*The Upper and Lower Basins are divided at Lee Ferry, Arizona,
one mile below the junction of the Paria and Colorado Rivers. The
flow of the Colorado River is gauged at Lees Ferry, Arizona, 0.8 miles
above the Paria River and 16 miles below Glen Canyon Dam, as shown in
Figure 1.2.
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Although several articles of the Compact are still under dispute

it forms the basis for what is known as the "Law of the River'".

The Boulder Canyon Project Act of 1928

The Boulder Canyon Project Act (BCPA), among other provisions,
authorized the construction of Hoover Dam and recommended an apportion-
ment of the Lower Basin's 7.5 MAF/yr between Arizona, California, and
Nevada. The proposed division may be summarized as follows: Arizona
is to receive 2.8 MAF/yr (3.4 km3/yr), California 4.4 MAF/yr
(5.4 km3/yr), and Nevada 0.3 MAF/yr (0.4 km3/yr); any surplus of water
may be.shared equally by Arizona and California; and should any deficit
exist with regard to our obligation to Mexico, Arizona and California
would each contribute one-half the Lower Basin's share of the de-

ficiency (U.S.C., 1928).

The 1944 Treaty with Mexico

This treaty insures an annual delivery of 1.5 MAF (1.8 km3) to
Mexico, and 1.7 MAF (2.0 km3) in years of surplus. The quality of
Colorado River water entering Mexico is not mentioned in the 1944

treaty.
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The Upper Colorado River Basin Compact of 1949

For the Upper Basin states to receive federal support for water
storage projects it was necessary for them to divide their 1922 Compact
apportioned water. The agreement reached, embodied in the Upper Colo-
rado River Basin Compact, provided the following:

1) To Afizona, the consumptive use of 50,000 AF/yr ( 0.062 km3/yr);
(2) To the remaining Upper Basin states, the following percentages

of flow remaining after depletions by Arizona:

Colorado 51.75%
New Mexico 11..25%
Utah 23.00%
Wyoming 14.00% (U.S.C., 1949)

The Colorado River Storage Project Act of 1956

This act authorized the Secretary of the Interior to construct,
operate, and maintain the Colorado River storage project and partici-
pating projects, consisting essentially of four Upper Basin reservoirs,
including Glen Canyon Dam. Glen Canyon Dam, which forms Lake Powell,
was completed in 1963 and has a total active capacity of 25 MAF

(30.8 km>) (U.S.C., 1956).

Arizona vs. California, 1963

A conflict remained between the State of Arizona and the other
Basin states with regard to precisely which Basin waters were being
apportioned by the 1922 Compact and the Boulder'Canyon Project Act of
1928. Arizona contended that the river water being divided was

the average annual flow measured at Lees Ferry, Arizona.
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On this basis Arizona demanded that the flows of tributaries in Arizona,
notably the Gila River, not be counted in making up the Lower Basin and
Arizona allotments.

The conflict remained unresolved, and in 1952 the State of Ari-
zona brought suit against the State of California and seven public agen-
cies (U.S. Supreme Court Reporter, 1963). The public agencies involved
were the Palo Verde Irrigation District, Imperial Valley Irrigation
District, Coachella Valley County Water District, M.W.D. of Southern
Calif., City of L.A., City of San Diego, and County of San Diego. At
issue were the clarification of the role of tributary flows and the
limitation of consumptive use by the State of California so as not to
restrict Arizona's use of 2.8 MAF/yr of the flow passing Lees Ferry.

In 1963 the Supreme Court ruled in favor of Arizona. Signifi-
cant elements of the decision were (1) that the division of the Lower
Basin allotment recommended by the BCPA was in fact a legally binding
apportionment scheme; and (2) that Arizona tributaries were exempt
from the allotments specified by the 1922 Compact and the BCPA.

Thus, the total demand on the river, as measured at the division
between the Upper and Lower Basins at Lees Ferry, Arizona, would be
17.5 MAF/yr (21 km3/yr): 7.5 MAF for each basin, 1.5 MAF for Mexico,
plus 1.0 MAF for losses enroute to the Mexican border (ﬁ.S. Supreme
Court Reporter, 1963).

A summary of current state water rights appears in Table 1.1.
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TABLE 1.1

Summary of Current Colorado River Basin Water Rights

Upper Basin States% (MAF/yr) (km3/yr)
Arizona 0.05 0.06
Colorado 3.86 4.76
New Mexico 0.84 1.04
Utah 1.71 2.11
Wyoming 1.04 1.28

Subtotal 7.50 9.25

Lower Basin States

Arizona 2.80 " 3.45
California 4.40 5.43
Nevada 0.30 0.37
Subtotal 7.50 9,25

Additional to the
Lower Basin 1.00 1.23
U. S. TOTAL 16.00 19.73
Mexico 1.50 1.85
GRAND TOTAL 17.50 21.58

*

Based on the percentages established by the Upper Colorado
River Basin Compact when applied to the full 1922 Compact
allotment of 7.5 MAF/yr.
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The Colorado River Basin Project Act of 1968 and the Colorado River

Reservoir Operating Criteria of 1970

The CRBPA, besides authorizing the Central Arizona Project and
several other water projects in the basin, initiated investigations
leading to a comprehensive management plan and reservoir opefating
criteria for the Colorado River Basin. In addition, the act directed
that for a period of ten years following the passage of the act (until
1978), no studies for augmenting the flow of the river by importing
waters from other drainage basins may be undertaken (U.S.C., 1968).

The Operating Criteria appeared in the Federal Register in 1970
(U.S. Department of the Interior, 1970). Two significant provisions of
these criteria are the following: (1) the Upper Basin must attempt to
deliver 8.25 MAF (10.1 km3) annually to the Lower Basin, 7.5 MAF by
the 1922 Compact, and one-half the Mexican allotment of 1.5 MAF; and
(2) the levels of Lake Mead and Lake Powell should be equalized at the
end of each water year, except in violation of the Compact, for the
purpose of making the two basins share the losses or excesses from

years of high or low runoff.

The Federal Water Pollution Control Act Amendments of 1972 and the

Colorado River Salinity Control Act of 1974

The FWPCA Amendments require each state to propose numerical
standards of water quality (U.S.C., 1972). A conflict arose as to the
applicability of numerical salinity standards in the Colorado River
Basin, where salinity levels are the result of many highly variable

natural and man-made processes. An agreement between the Environmental
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Protection Agency (EPA) and the basin states calls for the maintenance
of salinity at or below 1972 levels, until such time as numerical
standards are adopted (U. S. EPA, 1974). The Colorado River Salinity
Act prescribes salinity control measures for limiting salinity to
levels acceptable to users in both the U.S. and Mexico, and for comply-
ing with the adopted salinity standards (U.S.C., 1974). The Colorado
River Basin Salinity Control Forum was subsequently formed with repre-
sentatives from each state to work with the EPA in seeking solutions to
the salinity problem and to develop the required numerical standards.

The Salinity Control Act authorizes the construction of a large
desalting plant near the U.S.-Mexico border and investigation of
sixteen other projects for the control of specific point and diffuse
salinity sources throughout the river basin.

The following points summarize the legislation and court de-

cisions described above:

(1) Rights to the consumptive use of Colorado River water
totaling 17.5 MAF/yr (20.3 km3/yr) have been estab-
lished, 7.5 MAF/yr to each basin, 1.5 MAF/yr to Mexico.
The inherent variability of Colorado River runoff has
been recognized by the condition that the Upper Basin
allow 7.5 MAF to pass the Compact point, Lee Ferry,
Arizona, each year, or not less than 75 MAF in each
ten-year period. The Operating Criteria of 1970
provide for a delivery of 8.25 MAF/yr to the Lower

Basin whenever reservoir and runoff conditions permit.
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(2) The Compact of 1922 and the pieces of legislation which
followed were derived from compromise and agreement
between interests competing for the resources of the
basin.

(3) Recent attention has been focused on the salinity
problems of the basin, and solutions are being
sought which will satisfy agreements made with
Mexico and conform to the conditions of the Federal
Water Pollution Control Act Amendments, while allow-

ing development in the Upper Basin to continue.

1.2.4 Recent Developments in the Colorado River Basin

Establishment of states rights to the consumptive use of
Colorado River water spurred agricultural, municipal, and industrial
development and inéreased exportation from both the Upper and Lower
Basins.

The various projects undertaken at a multitude of locatioms
along the Colorado River have each had some set of direct benefits,
i.e., flood control, increased irrigation, development of municipal
and industrial water supplies, hydroelectric power, and so forth.

Besides providing or controlling quantities of water, several
of these projects have been designed with features intended to control
water quality in the form of total dissolved solids (TDS) and sus-

pended sediment.
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The regulation of river flow fluctuations performed by the
numerous storage dams has resulted in less erosion and a corresponding
lower silt load. At Lee Ferry downstream from Glen Canyon Dam, and the
point of separation between the Upper and Lower Basins, the suspended
sediment load had varied with river flow from between 20 and 143
million tons/year before the filling of Lake Powell behind the dam,
and has since dropped to less than 6 million tons/year (the dam was
constructed to accept the sediment and maintain operation of most of
its design features for over 200 years).

The major storage projects presently in operation are shown in
Figure 1.1. They are the Fountenelle and Flaming Gorge Reservoirs on
the Green River, Blue Mesa and Morrow Point Reservoir on the Colorado
Upper Main stem, Navajo Reservoir on the San Juan River, and Lakes
Powell, Mead, Mohave, and Havasu on the Colorado River.

The Colorado River Aqueduct in California, the large irrigation
developments in California and Arizona, the Central Arizona Project
now under construction, and other Lower Basin water projects, will
utilize the entire annual allotment of water to the Lower Basin within
the next ten to twenty years (Weber et al., 1975). Table 1.2 sum-
marizes the projected:water depletions of the Upper and Lower Basins.

The Upper Basin is developing at a slower rate, and it is
expected that full use of allotted water will not be possible in
light of required deliveries of water to the Lower Basin. Future de-
velopment will likely involve the use of water in extracting and

utilizing the vast energy resources in the Upper Basin. The extent of
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such development and its impact on water quality is difficult to judge
at the present time (Weber, 1975). It is anticipated that future
municipal and industrial uses will conform to a policy of no effluent
return, minimizing man-made salt loading and other pollution.

The most recent estimates of future depletions are taken from
Weber's study, and are shown in Figure 1.3. A range of projected
depletions was used in their study of proposed salinity control
projects. U.S. Bureau of Reclamation water use projections are given
in Table 1.2 by state. The total use by sub-basin corresponds with
the mid-range estimates given by Weber.

The present strategy for salinity control involves a basin wide
effort by the U.S. Bureau of Reclamation in cooperation with the seven
Basin states and the Environmental Protection Agency (Colorado River
Board of California, 1974). The factors responsible for the increase
in salinity and the possible areas for control measures are recognized
to be the following: natural point and diffuse dissolved solids
sources, concentration through evapotranspiration, irrigation return
flows, and loss of dilution water through irrigation canal seepage.
Control measures proposed include diversion or plugging of natural
point sources; desalination, diversion, or special use of diffuse
sources; suppression of evapotranspiration; improvement of irrigation
efficiency and structures; massive desalination; and streamflow aug-
mentation (Maletic, 1974).

The basin wide approach to salinity control is the most rational

given the spatial distribution of sources and the cooperative effort
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required to meet proposed salinity standards. Many of the control meas-

ures, such as increased irrigation efficiency and streamflow augmenta-

tion,raise water rights questions which must eventually be answered.

1.2.5 Project Applications

The continued development of the Upper Basin water allotment and
the water quality problems the basin will continue to face will demand
an assessment of water management and allocation throughout the Colorado
River Basin. This study is both to serve as an example of the types of
management alternatives which could be considered, and to provide a
method for evaluafing their worth.

In particular this study examines the operation of Lakes Powell
and Mead. Both reservoirs presently regulate the flow of water into
the Lower Basin and generate hydroelectric power. Little use of the
water is made in the rugged canyon land between the two reservoirs,
and little future use is anticipated. Their combined active storage
capacity is slightly over 52 MAF (64 km3). The combined evaporation
with both reservoirs full is calculated to be 1.7 MAF/yr (2.1 km3/yr).
At a typical operating storage of 80% maximum, the combined evaporation
is 1.4 MAF/yr (1.7 km>/yr).

One objective of this study is to determine the storage required
to maintain Lower Basin deliveries below both Lakes Powell and Mead for
various levels of Upper Basin depletions. For cases where downstream
demands can be met below Lake Mead without utilizing the full capacity
of Lake Powell, savings in evaporation, subsequent reductions in total

dissolved solids concentrations, and losses of hydropower generating
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capacity are assessed. Implied in these cases is a rejection of the
institutional constraints governing releases from Lake Powell. Com-
parisons of operation with and without Lake Powell discharge constraints
are made and alternative uses of the conserved evaporation, in partic-

ular for non-hydroelectric power generation, are examined.

1.3 The Approach Used in This Study and Its Relation to Previous Work

1.3.1 The Simulation Process

A primary study objective is to develop a method for assessing
the water supply, water quality, and hydroelectric power generation
which may be expected upon implementation of a given management scheme.
Alternative management strategies will then be compared on the
basis of these expected outputs. The stochastic, or randomly varying,
nature of streamflow inputs to the system requires that many observa-
tions of system operation need to be made to estimate the expected
system output.

To accomplish this task, a model of the river system has been
constructed using sub-models describing relevant hydrologic, water
quality (in this case salinity), and power production processes in the
basin. The hydrologic sub-model generates long sequences of synthetic
streamflows which statistically resemble the recorded flow sequence.
The water quality sub-model produces sequences of synthetic total dis-
solved solids concentrations. A third sub-model determines reservoir
storage, reservoir losses, and outflow salinity. Additional sub-

models model reservoir discharge and power production.
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Model parameters such as correlation coefficients and reservoir

evaporation rates are used in these sub-models. The model variables
describing the hydrology, salinity, and power production of the sys-

tem for a given time period are called system variables. Variables

defining the operational constraints which in turn define a given
management configuration, such as water demand and maximum reservoir

storage, are called system control variables. System response, or

performance, is defined to be the mean, or in some cases even the
entire probability distribution, of some or all of the system variables.

Finally, simulation is the process of observing the operation
of the system for a long sequence of stochastic streamflow inputs and
recording the system response. Figure 1.4 displays the modeling and
simulation process.

Management comparisons are made on the basis of changes in
system response. Given a set of response criteria, the response of a
simulation model may be optimized by a search procedure (Emshoff and
Sisson, 1970). An alternative approach, useful when optimization
criteria are difficult to establish, or when the possible combinations
of control variables are too numerous, is to perform selective simu-
lations (Buras, 1972; Linsley and Franzini, 1972). The second
approach, selective simulation, is used in this study to examine a few
management alternatives of interest.

If the state of the system at any given time is defined to be
the amount of water and total dissolved salts stored in each reservoir,

obtaining stationary distributions of system variables requires
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FIGURE 1.4

The Modeling and Simulation Processes
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observing the system during many transitions between probable states.
Operations in successive time periods are not independent, and the
serial correlation structure of inputs must be modeled. 1In this type

of simulation, static simulation, the control variables are held con—

stant throughout the simulation. Static simulation is commonly used to
answer design questions pertaining to required reservoir storage capac-
ity or in searching for optimal reservoir release rules (Fiering, 1961;
Loucks, 1968; Moran, 1970).

In dynamic simulation, control variables are made to change from

time period to time period in accord with projections of future water
demand or other management constraints. Simulation using stochastic
inputs is used to provide insight to the future outputs of the system.
In order to obtain the distribution of output at some future time,
many simulation runs are required. Dynamic simulation is typically
used in studying optimal operation of reservoirs or systems of reser-

voirs (Askew, 1974; Hall et al., 1968; McBean and Schaake, 1973).

1.3.2 River Basin Modeling and Management Studies

Analysis of river basin management schemes using simulation with
stochastic inputs has developed largely over the past fifteen to twenty
years. Much of the work has been in the area of optimization of reser-
voir operation. Well established optimization procedures have been
presented in books by Maas et al. (1962), Kindswater (1964), Buras

(1972), and Linsley and Franzini (1972).
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In contrast to studies of reservoir systems, simulation studies
of hydrologic and water quality aspects of river management schemes
have been performed. The state of the art of water quality simulation
has been presented by Orlob (1973). Recent applications to
problems with stochastic inputs include the work of Grantham et al.
(1971), Sigualdason et al. (1972), and the ongoing study of the Colorado
River Basin by the Bureau of Reclamation.

The USBR is currently engaged in developing a dynamic simulation
model of hydrology and salinity in the Colorado River Basin for use in
studying projections of future operation and in assessing future stream
salinities (Ribbens and Wilson, 1973; Hendrick and Gibbs, 1974; and
Flucher et al., 1975). At the present time an interim salinity routing
mcdel is used in conjunction with a stochastic hydrologic model. The
entire simulation model is expected to be completed within the year.

The dynamic character of the USBR model makes it well suited to short

term (five to ten year) operational studies. In contrast, the approach

in this study is a static simulation model which examines the steady

state response of the river system. It is valuable in examining questions
of a long term planning or design nature.

Other studies of portions of the Colorado Basin include simulation
modeling performed at the Utah Water Resources Laboratory of the Univer-
sity of Utah (Hyatt et al., 1970; Dixon et al., 1970; Dixon and Hendricks,
1970). 1In these studies of streamflows and stream salinities within
the Upper Colorado Basin, a hybrid-computer model was constructed and
used to examine the short term effects of irrigation practice on

salinity over a detailed spatial grid of the area. Howe and Orr (1974)
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at the University of Colorado, have used a simulation model of the

Upper Basin to examine economic incentives for salinity reduction.
Previous and current work related to the development of the

hydrologic, water quality, and reservoir sub-models is presented in

the discussions of their development in Chapters 2 through 4.

1.4 Organization of the Report

Chapter 2 contains a detailed development of the hydrologic model
used in this study and the application of the model to the Colorado
River Basin. The stream salinity model is formulated and its applica-
tion discussed in Chapter 3. Reservoir models of Lakes Powell and
Mead are presented in Chapter 4.

The aggregation of the above sub-models to form the river system
model is described in Chapter 5, together with model validation. Also
included in Chapter 5 is a description of the steps'required to perform
a simulation and an accounting of system variables and system control
variables used in subsequent studies. Chapter 6 is a discussion of
tests of the modeled system performed for the purpose of identifying
characteristics of system response and providing information useful in
interpreting simulation outputs.

Finally, Chapter 7 presents the results and interpretations of
the management studies described briefly in Sections 1.1 and 1.2.4.

A summary section is included at the end of each chapter.

Chapter 8 summarizes the entire report and indicates areas of possible

future research.



CHAPTER 2

THE HYDROLOGIC MODEL

2.1 Introduction

The purpose of the hydrologic model is to supply synthetic
sequences of streamflows and to model the passage of flows through the
two major reservoirs of the Colorado River system.

The central element of hydrologic models used in simulation studies
is a synthetic streamflow generator. Fiering (1961, 1964, 1967),
Jackson (1975a,b,c), Matalas (1967a,b), and others have developed
methods of generating synthetic flow sequences. Matalas (1967a), Pegram
and James (1972), and Young and Pisano (1968) have developed computa-
tional features of multilag-multivariate streamflow models. This
chapter includes an examination of hydrologic data analysis and exist-
ing techniques of streamflow synthesis. A method for generating
serially and cross-correlated monthly flows is presented in Section 2.2.

Numerous studies have been made of various portions of the Colorado
River system by the United States Bureau of Reclamation and various
university researchers. The Upper Colorado River Commission sponsored
Tesearch by the University of Colorado, Colorado State University, and
the University of Denver to provide information about annual run-off
flowing into Lake Powell (Brittan, 1961; Garnsey et al., 1961; Julian,
1960, 1961; Yevdjevich, 1961). Hyatt et al. (1970), have authored a

Number of publications of the Utah Water Resources Laboratory in which
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an analogue computer model of flow and salinity was constructed to
study the Upper Colorado River Basin. The UWRL model was a composite
of detailed sub-basin models. The Bureau of Reclamation (USBR) has
constructed its own digital computer model of the Colorado River reser-
voir system for the purpose of scheduling releases (Clinton, 1972).
The USBR model has also been used to study the effects of periods of
high and low flow on the system, but uses only historical flow
sequences and does not model water quality. A new model of the basin
is presently being developed by the USBR which will simulate hydrologic
and salinity flows, and is scheduled for completion in 1976.

Section 2.3 defines the elements of the Colorado River Basin
model used in the author's study. Preliminary analysis of historical
flow records is performed, followed by application of the streamflow
generating scheme introduced in Section 2.2. The remainder of the

chapter is devoted to an evaluation of the synthetic flow generator.

2.2 Hydrologic Simulation

Synthetic hydrology, also called operational hydrology, has been
developed over the last twenty years as a tool for planning and study-
ing the operation of systems of water projects (Jackson, 1975a). The
usefulness of simulation studies using synthetic streamflow sequences
was recognized when standard optimization techniques became impractical
in the face of the many constraints and variables necessary to describe
the operation of multiple reservoir systems (Linsley and Franzini, 1972).

Systematic use of operational hydrology provided a method for examining
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a variety of alternative configurations and policies. A myriad of
models for streamflow generation have been developed, each having ad-
vantages or disadvantages depending upon the intended use of the
simulation model, the data available for model calibration, and the

degree of detail required.

2.2.1 Preliminary Data Analysis

Prior to adopting a specific synthetic streamflow generation
procedure it is necessary to determine the requirements of the study at
hand. The tempofal and spatial resolution required by the study must be
established. Next, since synthetic streamflow generation proceeds from
a stationary probability distribution of streamflow (on which trénds or
cycles may be superposed), it is usually necessary to examine the
historical data for trends and cycles (Matalas, 1967a; Yevjevich, 1972).

The first step in trend analysis, when sufficient data are
available, is to restore the measured streamflows to a natural state by
adding to the record of a given river gauge all measured diversions and
other man-made flow alterations which are known to have occurred up-
stream of the gauge over the period of measurement.

A non-parametric run test may be performed on the natural flow
sequence to identify any non-stationarity in the mean square of the data
(Bendat and Piersol, 1971). Any non-stationarity, or trend, observed
may be removed from the data by either the least squares fit procedure
for trends of polynomial form, or the average slope method, for simple
linear trends. Implicit in the application of these techniques are the

assumptions that the available data properly reflect any non-stationarity
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that exists, and that the trend is defined to be any frequency component
whose period is longer than the length of the streamflow record.

The elimination of trends and cycles from the measured streamflow
data results in a time sequence having a stationary probability distri-
pution. Distribution parameters may then be estimated for use in cali-

brating a synthetic flow generation model.

2.2.2 Synthetic Streamflow Models

Jackson (1975a), in a discussion of the state-of-the-art of
operational hydrology, categorized existing.streamflow simulation
models into descriptive and prescriptive models, depending upon their
intended use. Descriptive models are those which attempt to describe
the underlying physical processes of a watershed system, so as to pro-
vide‘insights into the nature of these processes and the operation of
the watershed system. Prescriptive models are those which provide
synthetic watershed outputs which are statistically indistinguishable
from the historical outputs. The prescriptive models are intended to
supply inputs to simulation models for planning and management studies.

Of the existing prescriptive models, three basic forms may be
identified: (1) fractional noise models, (2) broken-line models, and
(3) autoregressive Markovian models. The fractional noise models,
introduced by Mandlebrot and Wallis (1968, 1969), and the broken-line
models, developed by Rodriguez-Iturbe et al. (1972a,b), have been
criticized as imposing stringent conditions upon sample size, or in
being too awkward for hydrologic applications (Jackson, 1975a). The

Markovian models of the form suggested by Thomas and Fiering (1963),
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and Fiering and Jackson (1971), are well suited for utilizing the commonly
short records of hydrologic data. These models have the added advan-
tage of being structurally simple and easy to modify. The basic Thomas-
Fiering model for producing annual streamflows at a single location,
has been modified to provide monthly or seasonal flows at any number of
locations (Fiering, 1961, 1964, 1967; Fiering and Jackson, 1971; and
Pegram and James, 1972). Other formulations of the autoregressive
Markovian streamflow model have been presented by Young and Pisano
(1968), and Matalas (1967a).

An example of a Thomas-Fiering model for producing monthly
streamflows for several tributaries, exhibiting both lag-one auto-
correlation and cross-correlation, is developed in Section 2.2.3 and

applied to the Colorado River Basin in Section 2.3.

2.2.3 Development of a Lag-one, Multisite Streamflow Model

As mentioned previously, synthetic streamflow generation requires
the determination of the probability distributions for the natural flows
of each tributary. When modeling monthly flows, the task becomes one
of determining the distribution of flows for each month and each tri-
butary. These distributions may be made functions of previous flows
and streamflows in other tributaries. 1In general, the flow of a given
tributary for a given month and year is assumed to consist of a determi-

nistic component and a random component, as shown in Equation (2.1):

¥4 = 3 g A
(2.1) tQm tDm tRm ?
. where, Q¥ = the synthesized tributary flow,



32

D’ = the deterministic component of the
t'm

flow, and
tRi = the random component of flow.

The deterministic component defines the relationship of the flow
in tributary t, year y, and month m to the flows in the previous months
and in other tributaries. In general, the distribution of natural
flows is not well approximated by any theoretical distribution, such as
the standard or log-normal distributions. Ideally, the deterministic
component of flow can be defined so that the distribution of the remain-
ing portion of natural flow (i.e., the distribution of the random
component) can be approximated by one of several theoretical distri-
butions. In practice, the portion of the natural flow which remains
after removing the deterministic component represents the portions
of the flow corresponding to physical processes not modeled by the
deterministic component. In this treatment the various elements in
the deterministic component are removed from the historical natural
flow data in a stepwise progression. This development follows the work
of Fiering (1961, 1967) and Fiering and Jackson (1971).

At each step, averages, variances, and correlation coefficients
are approximated by their maximum likelihood estimates. The notation
introduced in this section is representative of that used throughout
this chapter. As before, t signifies the tributary for which flows are
to be synthesized for year y and month m. A bar identifies a time
average over all years y, y =1, 2, ... n, where n is the total number

of years of historical data used in the study. An epsilon represents

-
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the residual flow after each step of analysis has been performed and is

labeled by the number of the step in parentheses.

2.2.3.1 Removal of the Monthly Mean

Equation (2.2) shows the removal of the monthly mean from the

historical natural flow data and the production of the first residual.

Y _ ¥ ¥
(2.2) tNm tNm + o (1) or,
y = N -
(2.3) tEm(l) tNm tNm
where,
th = natural, undepleted flow in tributary t, for
year y, and month m, as measured at a speci-
fied gauging station in (MAF/yr); and,
tsz(l) = the step one residual.

The residual has zero mean, and variance equal to that of the original

natural flow, tNi.

2.2.3.2 Removal of Lag-one Autocorrelation

When it is desired to model flow distributions for each month,
as in this formulation, it is often necessary to model any persistency
Or correlation between one month and the preceding months. Inclusion
of persistence in the model insures that, as in nature, high or low
runoff periods are grouped together. Further, when the distribution of

annual flows generated by the model is compared to those of nature,

the autocorrelative structure of the model produces the extreme wet
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or dry years observed in nature, a property not preserved if the
monthly flows are generated independent of one another.

Correlograms of the residuals defined by Equation (2.3)
indicate for what time lags significant autocorrelation exists. The
typical situation encountered when treating monthly hydrologic data is
for the lag-one correlation to be the only correlation of significance.
In this case the lag-one autocorrelation is removed from the data as

shown by Equation (2.4) in terms of the original data.

¥~ T : YN J
(2.4) tNm tNm i (tam) (thm—l tNm—l) + tem(z)’

where 2 is the regression coefficient between flows in months

m and m-1.

In terms of the residuals Equation (2.4) becomes:

(2.5) @) = (a) c o) (L) + (), or
Yoy = oF .
(2.6) o (2) = &) - (a) t el ().

The regression coefficient, £2 is determined by minimizing the vari-
m

ance of tgz(Z). (See Appendix A for details of the computation.)

2.2.3.3 Removal of Cross Correlation Between Tributaries

Visual or statistical examination of the residuals from step
two above may indicate that significant cross correlation is present
between the tributary flows. This conclusion would be expected if it

1s known that the tributary basins are subject to common weather patterns.
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When generating synthetic tributary flows in which the deter-
ministic component of flow may contain cross-correlation terms, it is
necessary to begin synthesis for one tributary whose flows are rela-
tively independent of the flows of other tributaries. Calculation and
exémination of the cross-correlation coefficients of the step-two resi-
duals should indicate appropriate dependency relationships between the
tributary flows. In ambiguous cases, where correlation coefficients
do not serve to define a hierarchy of tributary flow dependencies,
observed climatological patterns may reveal which tributary flows are
representative of conditions over the entire river basin.

The correlative relationships established are summarized in

Equation (2.7) in terms of the step two residuals.

b4 = . y ¥
2.7) @) = 3 L) @]+ @),
where btA is the regression coefficient between tributaries t
and 4, and S is the set of tributary flows with which the flows of

tributary t are cross-correlated. Solving for the step three residuals

yields Equation (2.8).

(2.8) £ (3) = e7(2) - 3o [0, ) & (D],

The regression coefficients, b are estimated by minimizing the vari-

tAh
ance of the residual, tgi(B) (see Appendix A for details of the compu-
tation). In some cases the cross-correlation between tributaries
exhibits seasonal dependency. In this case the parameter estimates,

denoted by mbté’ must be determined using the flow data of the appro-

Priate month, m, rather than the entire flow sequence.
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2.2.3.4 Treatment of Random Component

It was stated at the beginning of section 2.2.3 that one goal
in the construction of the deterministic component of the streamflow
model is to isolate the randomness of natural processes. If the deter-
ministic component is defined in accordance with the analysis of this
section then the remaining residuals are assumed to contain only infor-
mation pertaining to the randomness of the natural streamflow.

It was also noted that this randomness could be modeled by
assuming it to have a form given by one of the several theoretical
probability distributions. For instance, if the residuals for a given
month and tributary could be shown to be normally distributed with zero
mean and variance 02, then they may be generated by random selection
from a normal population having the same mean and variance.

An alternative procedure for generating sequences of the
random components for a given month and tributary is to sample randomly
“from the appropriate cumulative probability distribution function
(C.D.F.). The C.D.F. is formed by ranking the n sample residuals in

ascending order, and assigning to each the plotting number given by:

(2.9) N = et

where, r = the rank of the sample.

Twelve such C.D.F.'s are required for each tributary, one
for each month of the year. Their creation and use may be easily per-
formed using digital computers, an advantage over the previous methods

when several tributaries are to be treated.
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2.2.3.5 Flow Generation Procedure

The generation of synthetic tributary streamflows proceeds as

follows:
(1) For each month in succession a random flow component for
each tributary is selected;
(2) Following the order prescribed by the cross correlation
hierarchy, monthly natural flows, tQ;, are constructed
using Equation (2.10).
€2, 302 thyn = Nt e L%y T Fn] ks (b)" R+ o

where tRz denotes the random flow component for tributary t, month m,
and year y. For the first month of generation, tQiZ is set to some
arbitrary value, usually the average (Fiering and Jackson, 1971; p. 59).
It may be noticed from the structure of Equation (2.10) that
negative flows could be generated if the correlated and random terms
were negative and larger in magnitude than the average monthly flow.
One of several methods may be used to deal with this situation: rejec-
tion of the flow followed by regeneration; truncation at some lower
limit; or, taking absolute values. Each of these techniques necessarily
distorts the low-flow tail of the distribution of generated flows.
Distribution comparison tests can be used to determine whether the
distributions of synthesized and historical streamflows lie within a

specified confidence interval of one another.
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2.3 Application of Streamflow Synthesis to the Colorado River Basin

2.3.1 Introduction

To reiterate, the purpose of synthesizing Colorado River Basin
streamflows is to allow a variety of water resource management con-
figurations to be studied by subjecting the system to a variety of
streamflow sequencés. A first step is to determine the spatial and
temporal resolution of the model necessary to provide én adequate rep-
resentation of system inputs. An examination of previous modeling work
of the Colorado Basin was informative.

Several earlier studies of flows in the Colorado Basin were di-
rected toward determining the reliable annual yield from the river
system. This work was greatly inspired by the apparent overallocation
of water rights by the Colorado River Compact of 1922. Some of these
findings are discussed in Section 2.3.3 on trends and cycles. As the
salinity of the river continued to increase it became apparent that
relationships between flow and salinity could not be adequately under-
stood on the basis of annual averages. As mentioned in Section 2.1,
Hyatt et al. (1970) at the Utah Water Resources Laboratory in Logan,
Utah, studied several sub-basins in the upper Colorado region. Their
study examined the effects of irrigation and municipal water depletions
on the salinity and hydrologic flows of the major Upper Colorado River
Basin tributaries. This work resulted in an analog computer model of
many portions of the Upper Basin, and incorporated several years of
detailed climatological and agricultural data. Because of the short
Periods of record for the types of data that they used and the fine

Spatial and temporal grid size which their model embodied, their study
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was not deemed appropriate for the present project. Howe and Orr (1974
(a,b)) at the University of Colorado have created a similar model on a
digital computer for studying economic trade-offs between various water
uses in the Upper Colorado region. Again, the form of their model was
not considered suitable for this study.

The Bureau of Reclamation has one existing Colorado River Basin
computer model and another which is presently being constructed. The
first model was primarily developed for scheduling releases of water
from the various basin reservoirs. The USBR model includes all of the
reservoirs shown in Figure 1.1 and extends as far south as the Imperial
Dam near the Mexican border. The first model, however, does not in-
clude simulation of salinity flows in the river basin and is therefore
not useful for studying the effects of water uses and reservoir regula-
tion upon salinity. The model uses a basic time period of one month
and produces a table of monthly reservoir releases. To the extent that
this Bureau of Reclamation model was used for research purposes it was
not run as a simulation model with stochastically generated inputs, but
rather used historical sequences of flow to study periods of high and
low water availability. A second Bureau of Reclamation model has been
constructed for research purposes as well as reservoir regulation and
includes salinity. It is not expected to be completed until late 1975
or early in 1976. The flow simulation portion of this model has recent-
ly been completed (Hendrick and Gibbs,1974). This USBR model generates
Synthetic stream flows corresponding to flows at a majority of the
Stream locations in the Upper Colorado River Basin presently being

gauged by the U.S. Geological Survey. Although fewer gauging stations
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are incorporated in the model presented in this paper, the streamflow
generators developed by the USBR and concurrently by the author have a

‘gimilar correlative structure.

2.3.2 Choice of a Model

The study at hand requires a model unlike those mentioned above.
To observe changes in the salinity, storage, and releases of Lakes
Powell and Mead does not require the fine spatial detail present in the
UWRL models. The existing Bureau of Reclamation model is not well
suited to the task for three reasons: (1) it does not include salinity
information; (2) it is concerned with details of reservoir release de-
termination which would not greatly affect the type of information this
study expects to produce; and (3) it is run using historical or short-
term forecasted flows as opposed to synthetic flows.

In order to establish the form of the hydrologic model appro-
priate for this study it was necessary to determine the requirements
of the study, examine the available data, and take into consideration
the experience gained by previous researchers. The model was then
formulated as a sequence of elements or submodels. The procedure for
developing each submodel is shown diagramatically in Figure 2.1

(Raudkivi and Lawgun, 1974), below.
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FIGURE 2.1

Submodel Selection Procedure
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2.3.2.1 Hydrologic Model Requirements and Constraints

The spatial detail incorporated in the model is dictated by
the requirement for an adequate stochastic description of the
hydrologic and salinity inputs to Lake Powell. The basic time unit
used in the model must be small enough to reflect any time variation
in streamflow or salinity that would influence or be caused by the
operation of the major reservoirs of the river system.

The form of the model is also constrained by the period of
record of historical hydrologic and salinity data and by the temporal
and spatial characteristics of the data. Figure 2.2 displays the
hydrologic features of the Colorado River Basin and the locations of
major gauging stations. Daily and monthly streamflow records at the
lower gauges of the four largest Upper Basin tributaries exist back
to and including 1931. (Some of the tributary flows have been recorded
for a much longer period of time, but by themselves were inadequate for
model calibration.) Salinity data at the major gauging stations ex-

tends back to and includes 1941.
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FIGURE 2.2

Major Colorado River Basin Gauging Stations
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The Colorado Upper Mainstem, the Green River, the San Juan
River and the San Rafael River are used as the sources of stochastic in-
puts to the model. These tributaries contribute more than 967 of the
flows of salt and water into Lake Powell as shown in the mass balance
diagram in Figure 2.3. Synthetic streamflows for these rivers are
generated for points corresponding to gauging stations just upstream
of Lake Powell. This division of total inflow produces a statistically
accurate description of total inflow to Lake Powell and allows for an
accounting of the effects of Upper Basin development upon the flow and
salinity of each tributary.

In order to study the operation of Lakes Powell and Mead and
their effects upon salinity the model is terminated at a point just
downstream of Hoover Dam on Lake Mead.

A time scale of one month was chosen for a number of reasons.
Seasonal flow variations, reservoir detention and mixing times, and
the desirability of examining monthly reservoir operation were factors
in this decision. The streamflows of the wet season, April through
July, are typically an order of magnitude greater than those of the
dry season, September through February. Wet season flows are the result
of snow melt and dry season flows are fed by subsurface water storage.
Since these two different physical processes produce flows with
different probability distributions, streamflows are synthesized on a
monthly basis.

Reservoir detention times for both Lakes Powell and Mead are

between two and four years, requiring that data at intervals of less
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FIGURE 2.3

Colorado River Pasin Water and Total Dissolved Solids
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than two years be used to represent mixing and dilution characteristics.

Models of Lake Mead (Hendrick, 1973) have shown that monthly data are

gufficient to describe the outflowing concentration of salts. Finally,

reservoir evaporation in arid regions varies seasonally, suggesting the

use of monthly evaporation data.

2.3.2.2 Hydrologic Model Elements

On the basis of the material presented above, the hydrologic

model of the Colorado River Basin was formed as a sequence of elements

as shown in Figure 2.4. The elements of the model are:

(D

(2)

(3)

(4)

(5)

(6)

(7)

a generator of synthetic tributary streamflows;

a component which adjusts natural tributary flows in
accordance with specified uses of water in each trib-
utary basin;

a component for including estimates of ungauged inflows
above Lake Powell;

a submodel for routing flows through Lake Powell,
including inputs for specifying reservoir release policy;
a component for inputting estimates of ungauged inflows
above Lake Mead;

A submodel for routing flows through Lake Mead, using a
specified release policy; and,

a provision for obtaining information on the probability

distributions of pertinent system variables.
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FIGURE 2.4

Elements of the Colorado River Basin Hydrologic Model

GENERATION OF SYNTHETIC NATURAL
MONTHLY TRIBUTARY STREAMFLOWS

4

ADJUSTMENTS TO NATURAL FLOWS IN
ACCORDANCE WITH GIVEN LEVELS
OF UPPER BASIN DEVELOPMENT

l

ADDITION OF UNGAUGED FLOWS
ABOVE LAKE POWELL

RESERVOIR
OPERATING |— ! ROUTING OF COMBINED TRIBUTARY

POLICY FLOWS THROUGH LAKE POWELL

l

ADDITION OF UNGAUGED FLOWS BETWEEN
LAKE POWELL AND LAKE MEAD

| |

RESERVOIR
OPERATING -
POLICY »| ROUTING OF FLOW THROUGH LAKE MEAD

l

OUTPUT PROBABILITY DISTRIBUTIONS
OF PERTINENT SYSTEM VARIABLES
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The remdainder of Chapter 2 presents the development of the
snythetic flow generation submodel. The elements of the hydrologic

model pertaining to Lakes Powell and Mead are developed in Chapter 4.

2.3.3 Preliminary Data Analysis

As stated in Section 2.2.1 it is usually necessary to analyze
hydrologic records for trends and cycles which must be removed from

the data prior to construction of a flow generation model.

2.3.3.1 Cycles

Hydrologists have long sought to prove the existence or absence
of long-term cycles in the annual flows of fhe Colorado River. Yevdje-
vich (1961) and Jacoby and Anderson (1972; p. 54) have examined annual
flow records of the Colorado River at Lees Ferry, Arizona from 1896 to
the present, and found that no significant long period cycles could be
detected. Linsley and Franzini (1972) support the finding that no
significant cycles tend to exist in hydrologic data and further cite
that one of the reasons cycles are hard to determine is that periods of
records of hydrologic data are too short to allow definitive analysis.
Bryson (1975) reported that significant fluctuations in climatic
conditions may occur on a time scale of a few decades. However, he
made no mention of cycles or periodicity in his discussion of climatic
change,

While large variations in annual flow can be observed in the

Colorado River data, no periodicity was observed over the period of
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record of this study, 1931 to 1968. No attempt was made to inclu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>