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STREAMFLOW GAUGING STATIONS

Colorado River below Parker Dam , Arizona—-California

1. Colorado River at Glenwood Springs,Colorado
2. Colorado River near Cameo,Colorado
3. Taylor River below Taylor Park Reservoir,Colorado
4. Gunnison River above Blue Mesa Reservoir,Colorado
5. Gunnison River at Crystal Reservoir, Colorado
6. Gunnison River near Grand Junction, Colorado
7. Dolores River near Cisco, Utah
8. Colorado River near Cisco, Utah
9. Green River below Fontenelle Reservoir, Wyoming
10. Green River near Green River, Wyoming
11. Green River near Greendale, Utah
12. Yampa River near Maybell, Colorado
13. Little Snake River near Lily, Colorado
14. Duchesne River near Randlett, Utah
15. White River near Watson, Utah
16. Green River at Green River , Utah
17. San Rafael River near Green River, Utah
18. San Juan River near Archuleta, New Mexico
19. San Juan River near Bluff , Utah
20. Colorado River at Lees Ferry, Arizona
21. Paria River at Lees Ferry, Arizona
22. Little Colorado River near Cameron, Arizona
23. Colorado River near Grand Canyon , Arizona
24. Virgin River at Littlefield , Arizona
25. Colorado River below Hoover Dam , Arizona - Nevada
26. Colorado River below Davis Dam, Arizona- Nevada
27. Bill Williams River below Alamo Dam ,Arizona
28.
29. Colorado River above Imperial Dam , Arizona
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DISCLAIMER

This program is furnished by the Government and is ac-
cepted and used by the recipient upon the express under-
standing that the United States Government makes no war-
ranties, express or implied, concerning the accuracy,
completeness, reliability, usability, or suitability for
any particular purpose of the information and data con-
tained in this program or furnished in connection there-
with, and the United States shall be under no 1liability
whatsoever to any person by reason of any use made
thereof.

The program herein belongs to the Government. Therefore,
the recipient further agrees not to assert any proprietary
rights therein or to represent this program to anyone as
other than a Government program.

Nothing in this document is intended to interpret the pro-
visions of the Colorado River Compact (42 Stat. 171), Up-~
per Colorado River Basin Compact (63 Stat. 31), Water
Treaty of 1944 with the United Mexican States (Treaty Se-
ries 944, 59 Stat. 1219), the decree entered by the Su-
preme Court of the United States in Arizona versus
California, et al. (376 U.S. 340), Boulder <Canyon
Project Act (45 Stat. 1057), Boulder Canyon Project Ad-
justment Act (54 Stat. 774; 43 U.S.C. 618a), Colorado
River Storage Project Act (70 Stat. 105; 43 U.S.C. 620),
or the Colorado River Basin Project Act (82 Stat. 885; 43
U.S.C. 1501).






FOREWORD

The Colorado River and its major tributaries originate as
snowmelt-fed streams high in the Rocky Mountains. The
river drains approximately 242,700 square miles from seven
states as it winds its way southward to Mexico and the
Gulf of california. The annual natural flow of the
Colorado River at Lees Ferry, Arizona has ranged from 5.0
to 24.5 million acre-feet of water over the last 80 years,
with a mean of approximately 15 million acre-feet. Ten ma-
jor storage dams provide a storage capacity of ap-
proximately 60 million acre-feet. The storage projects
serve a number of purposes including flood control, irri-
gation water supply, municipal and industrial water sup-
ply, power generation, water quality improvement, fish and
wildlife propagation, and recreation.

The Colorado River is probably the most legislated and
regulated major river in the world as it is governed by
more than 20 major legal actions, congressional acts,
United States Supreme Court decisions, intrabasin com-
pacts, and international treaties. The amount of water
that is legally apportioned is greater than the estimated
average annual water supply of the river. Due to the many
different uses of Colorado River water and the
overapportioned future water supply, management and devel-
opment of the Colorado River is a highly complicated and
technical task. The CRSS (Colorado River Simulation Sys-
tem) is a comprehen51ve tool designed to assist water re-
source managers in successfully performing this task.

The purpose of this System Overview is to provide a dis-
cussion of the applications, capabilities, 1limitations,
and underlying assumptions of the CRSS. The System Over-
view discusses technical and managerial aspects of the
CRSS.
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ABBREVIATIONS AND TERMINOLOGY

Abbreviations

CAP - Central Arizona Project

CRSM - Colorado River Simulation Model
CRSP - Colorado River Storage Project
CRSS - Colorado River Simulation System

Eoyv - End of water year (September 30)
ft”/s - cubic feet per second

MAF - million acre-feet

mg/L - milligram per liter

MWD - Metropolitan Water District
M&I - Municipal and Industrial

SNWP - Robert B. Griffith Water Project (Southern Nevada

Water Project)

USGS - United States Geological Survey

Terminology

'Current month -
Demand -

Depletion schedule -

Inflow -
Lee Ferry -

Lees Ferry -

(the) Model -
Reach -

Return flow -

Sequence point -

Water year -
Withdrawal -

The month being modeled.

A scheduled diversion of water from
the river.

A schedule of demands and
consumptive uses.

A flow of water into the river.

A point in the Colorado River
mainstem, 1 mile downstream of the
mouth of the Paria River. It is de-
fined in the Colorado River Compact
(1922) and. is also known as the
Compact Point.

" A streamflow gauging station on the

mainstream of the Colorado River
just upstream of the mouth of the
Paria River.

Colorado River Simulation Model.
A length of river used in the
model.

An inflow created by the unused
portion of a diversion.

One of the 20 possible points that
make up a reach. Each sequence
point represents either an inflow,
diversion, or reservoir.

A year beginning October 1.

A diversion of water from the
river.

xii
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1. Introduction

1.1 Purpose of CRSS

The CRSS is a package of computer programs and data bases
designed to be used by water resource managers as a tool
to assist them in performing comprehensive long-range
planning and operational studies. The CRSS is used to ad-
dress the many "what will happen if . . . " type ques-
tions that arise from proposed changes in the methods of
operating the river or from proposed basin development or
changes in present water use throughout the basin.

1.2 Applications

The CRSS is used to study a variety of future events to
determine:

« Effects of proposed changes in imports to and exports
from the basin

+ Effects of proposed changes in the methods of operat-
ing the river

- Effects of water quality improvement projects

- Effects of weather modification

» Future water supply
The CRSS can provide more than 60 output parameters for
studying the effects previously listed. The most fre-
quently obtained parameters are: ‘

+ Quantity of water in the river

 Quality of water in the river

« Reservoir operation parameters (water surface eleva-

tion, surface area, surface storage, bank storage,

evaporation, sediment accumulation, and water quality)

» Water shortages

+ Hydroelectric power production (energy and capacity)



1.3 Past studies

The CRSS has been used in a number of specific studies by
both the public and private sectors. Some of the larger

studies are:
. Westwide water studies
. Upper Colorado Emerging Energy Technology Study
. Lower Colorado Emerging Energy Technology Study
. CREST (Colorado River Enhanced Snowpack Test)
. Quality of Water Progress Report

. Evaluation of Salinity Control Programs in the
Colorado River Basin

- Hydrologic yield studies

. colorado River Alternative Operating Strategies for
Distributing Surplus Water and Avoiding Spills

. Western Area Power Administration operation studies
for power marketing and power rate determination

. Bureau of Land Management oil shale development stud-
ies

. Study to evaluate impacts of the maximum error term in
the Lake Mead inflow forecast

. Central Arizona Project Water Supply Study

1.4 Brief History of Development

Planning and operation studies on the Colorado River have
been performed for decades. Up until the early 1960's,
these studies were performed manually. In 1965, the
first computer model of the Colorado River, the CRSP
(Colorado River Storage Project) model, was completed.

The CRSP model was used primarily to develop annual oper-
ating plans for the Upper Basin reservoirs during the
filling of Lake Powell. Over the years, the model was ex-
panded to include the Lower Basin reservoirs, powerplants,
salinity, and some formal operating criteria. Drawbacks
to the CRSP model were that it could not model individual
project effects on tributaries, and it accounted for sa-
1inity using a crude procedure. Many of the modeling pa-
rameters were fixed and were not easily modified, and the
model did not allow convenient or practical addition of



new features or parameters.

A second model, the River Network Model, was written in
1973 to evaluate the salinity impacts resulting from water
resource developments and salinity control projects and
to aid in establishing salinity standards for the Colorado
River. The River Network Model was a simple flow and
salt routing model and did not include powerplant simula-
tion, operating strategies, or legislative requirements.

The CRSS was borne out of the need to have a flexible,
comprehensive river basin model of the Colorado River
that would incorporate all areas of interest including
legislative requirements. Work on the CRSS began in 1970.
After 10 years of development, testing, and initial use,
the model began to gain widespread use and support in the
early 1980's. Documentation was written in the early to
mid-1980's. Today, the CRSS is the most comprehensive and
detailed simulation system of the Colorado River, and
serves as Reclamation's primary tool in studying the op-
eration of the river and projected developments in the
Colorado River Basin.



2. Management of CRSS
2.1 Organizational Chart

The CRSS is technically supported by a technical manage-
ment team and administratively guided by a steering com-
mittee. The two groups are made up of personnel from the
Upper Colorado Regional Office, Lower Colorado Regional
Office, and E&R Center (Engineering and Research Center).

The technical management team has the responsibilities of
(1) maintaining technical adequacy of the model, data
bases, and documentation; (2) carrying out development
work on the model; and (3) performing studies using the
model. The team consists of personnel from the areas of
planning and operations, specifically the fields of hy-
drology and water scheduling. The two regional offices
and the E&R Center each provide a CRSS coordinator to co-
ordinate activities in their respective offices. In addi-
tion, the E&R Center provides an executive secretary to
the steering committee who is the 1liaison between the
technical management team and steering committee. - The
executive secretary coordinates activities between the
CRSS coordinators and plans steering committee meetings.
The technical management team meets several times a year
as needed.

The steering committee has the responsibility of reviewing
the accomplishments of the technical management team, ap-
proving work schedules for the team, approving changes to
the model which affect policy, and setting policy and
guidelines. The steering committee consists of an Assis-
tant Regional Director from the Upper Colorado and Lower
Colorado Regional Offices, and 3 members from the E&R
Center: the Chief, Colorado River Water Quality Office;
Chief, Division of Water and Land Technical Services; and
Chief, Division of Planning Technical Services. The
steering committee meets once every 6 months.

An organizational chart is shown on figure 2.1.



STEERING COMMITTEE

Upper Colorado Assistant Regional Director, UC-105

Lower Colorado Assistant Regional Director, LC-105

Chief, Division of Water and Land Technical Services, D-400
Chief, Division of Planning Technical Services, D-700
Chief, Colorado River Water Quality Office, D-1000

EXECUTIVE S8ECRETARY, D-755

« Coordination
- Liaison

TECHNICAL MANAGEMENT TEAM

Upper Colorado Region
CRSS Coordinator

Lower Colorado Region
CRSS8 Coordinator

E & R Center
CRSS Coordinator

UCc-415 (1) LC-755 (1/4) | D-755 (1)
+ Coordination + Coordination + Coordination
- Data Bases + Data Bases « Development
- Studies + Studies « Studies
Water Resources Branch Water Scheduling Branch Hydrology Branch :
Uc-750 (0) LC-460 (1/4) D-755 (1)
- Data Bases + Development + CRSS Maintenance
+ Studies + Development
Hydrology Branch + Documentation
LC-750 (1/2)

« Data Bases
« Studies

USERS

Water Operations Branch
UucC-430

Water Scheduling Branch
LC-460
Hydrology Branch

Hydrology Branch
D-755

Colorado River Water

D-750 Quality Office D-1000
() Designates the approximate number of staff from each office
working full time on the CRSS Technical Management Team. 5/87

Figure 2.1

CRSS Organizational Chart.




2.2 Persons to Contact

For additional information or assistance involving
contact one of the following offices:

Regional Director
Bureau of Reclamation
Upper Colorado Region

Attention: UC-415

P.O. Box 11568
Salt Lake City, Utah 84147

Telephone (CRSS Coordinator)
801-524-5872 or FTS-588-5872

— K -

Regional Director
Bureau of Reclamation
Lower Colorado Region

Attention: LC-755

P.O. Box 427
Boulder City, Nevada 89005

Telephone (CRSS Coordinator)
702-293-8648 or FTS-598-7648

— R -

Chief, Division of Planning Technical Services
Bureau of Reclamation
Engineering and Research Center
Attention: D-755
P.O0. Box 25007
Denver, Colorado 80225

Telephone (CRSS Coordinator)
303-236-3807 or FTS-776-3807

CRSS,




2.3 Publications and Manuals

A number of publications and manuals documenting the CRSS
are available. The Executive Summary is a 10-page document
that gives a brief, non-technical description of the ap-
plications, characteristics, and limitations of the CRSS.
This document is available from the office listed in sec-
tion 2.4.

Hydroloqgy Data Base, Upper Colorado Region is a 150-page
document describing the derivation of the Upper Basin por-
tion of the hydrology data base. Hydrology Data Base,
Lower Colorado Region (Lees Fer to Imperial Dam is a
100-page document describing the derivation of the Lower
Basin portion of the hydrology data base. Each of these
documents is available from the respective Regional Office
listed in section 2.2.

User manuals are available for personnel using the CRSS
simulation model. These manuals are not available for gen-
eral distribution.

2.4 Policies and Procedures
2.4.1 Dissemination of Information

Dissemination of CRSS information including data, computer
code, and documentation is handled by the Technical Ser-
vices Staff at the Engineering and Research Center. Their
address and telephone numbers are given below. A nominal
cost may be charged.

Technical Services Staff
Bureau of Reclamation
Engineering and Research Center
Attention: D-3215
P.0O. Box 25007
Denver, Colorado 80225

Information released consists of the versions which are
wofficial"® at the time of the request. Updates to the
data, code, and documentation are sent only to the CRSS
Technical Management Team. No notification of changes and
no technical support are provided to any person outside
the Bureau of Reclamation who has acquired the CRSS or
portions thereof.



2.4.2 Updating CRSS

Changes are continuously made to the CRSS as data bases
are extended and refined, new methods are developed, and
computer systems are updated. These changes are incorpo-
rated into the CRSS each October 1, which creates an "“of-
ficial"™ version of the CRSS for the coming year. During
the year as changes are made and successfully tested, they
are temporarily incorporated into a "current" version of
CRSS. The following procedure is used to make a change
in the CRSM:

(1) The person making the change sends a form titled
"CRSM Change File Documentation" to the CRSS computer
specialist at the E&R Center in Denver, Colorado. In-
cluded 1is a description of the change, reason for the
change, a copy of the new code, modifications to data
file and support programs, and modifications to any
documentation. The person making the change is required
to thoroughly test the model with the new change before
submitting it to the E&R Center.

(2) The change is reviewed at the E&R Center and fur-
ther testing is made, if necessary. The code is
modified, if necessary, to conform to the guidelines
developed for keeping the code consistent and easily
readable.

(3) The change is incorporated into the "current" ver-
sion of CRSS. A copy of the CRSM Change File Documen-
tation is sent to the CRSS Regional Coordinators who
distribute copies to members of the Technical Management
Team in their region. The documentation includes the
date on which the change becomes active in the current
version.

(4) Before Octoberil, the steering committee approves
all changes made during the year. The model is tested
and results are compared to model results from 1 year
ago.

(5) On October 1, the changes are permanently placed in
the model creating a new official version of CRSS. The
current version is purged. A new current version is cre-
ated as new changes are submitted during the year.

10



2.4.3 8tudies for Outside Users

Studies using the CRSS can be performed by members of the
Technical Management Team for other Bureau of Reclamation
offices, Federal and State agencies, and other interested
parties, as time permits. Charges for these studies will
include staff costs, computer costs, and output costs.
For more information contact one of the CRSS coordinators
listed in section 2.2.

2.5 Computer Requirements and Costs

The CRSM and supporting programs are set up to run on a
CDC (Control Data Corporation) Cyber 170/875 computer. On
this 60-bit word machine, the CRSM requires approximately
310,000 octal words of field 1length to execute. A
single-trace 60-year run takes approximately 50 central
processor seconds to execute.

The CRSS contains approximately 22,000 lines of computer
code and 11,000 lines of data. The computer code is writ-
ten in Fortran IV and uses software routines that are
unique to Control Data Corporation Cyber computer sys-
tems.

The cost of a study varies depending on the number of sce-
narios that are studied and the number of hydrologic
traces and depletion schedules that are imposed on each
scenario. The number of years in the study period and the
type of output also affect the total cost. A small study
consisting of 1 scenario, 1 depletion schedule, 15 hydro-
logic traces, plotted output, and taking about 2 weeks to
complete would cost approximately $3,000, which includes
both labor and computer costs. A larger study consisting
of 10 scenarios and taking up to 2 months to complete
would cost approximately $15,000. These costs do not in-
clude any written report. The large 1984 special study

Colorado River Alternative Operating Strategies for Dis-~

tributing Surplus Water and Avoiding Spills cost ap-
proximately $150,000. This study required development of

new operating strategies, a formal report, and took 24
staff-months to complete.

11



3. Description of CRSS
3.1 General Description

The CRSS is comprised of computer programs, data files,
and data bases. The main component of the CRSS is the CRSM
(Colorado River Simulation Model), referred to as the
"model." This computer model, generally speaking, is a
water and salt accounting program. Water is brought into
the basin at several points, routed through the systen,
and deliveries made. Salt is introduced to the basin
through inflows and return flows, and is routed through
the system along with the water. However, there are a num-
ber of features that make the CRSM much more than an ac-
counting tool. The model additionally applies runoff fore-
casting, reservoir operations (rule curves, evaporation,
bank storage, and sediment accumulation), flood control
regulations, operating strategies of the system (shortage
and surplus strategies), hydroelectric power generation,
and legislative requirements.

Two additional components of the CRSS are the hydrology
data base and the demand data base. The hydrology data
base contains the flow and salt data for the Colorado
River Basin. The demand data base contains the diversion
data. Other components of the CRSS consist of computer in-
put data files, computer programs that process the infor-
mation in the hydrology and demand data bases, and com-
puter programs that process the output data that is
generated by the model.

3.2 Basic Characteristics
The basic characteristics of the model and data bases are:

- The major rivers modeled are the Colorado, Gunnison,
Dolores, Green, Yampa, Duchesne, White, San Rafael, San
Juan, and Virgin Rivers. These are modeled with inflows,
diversions, and reservoirs. Other rivers like the Paria,
Little Colorado, and the Bill Williams are modeled as
inflows to the Colorado River.

- Reservoirs modeled are Taylor Park, Blue Mesa, Morrow |,

Point, Crystal, Fontenelle, Flaming Gorge, Starvation (a
composite of eight small reservoirs), Navajo, Powell,
Mead, Mohave, and Havasu.

« The model uses a monthly time frame to simulate
riverflows, water deliveries, reservoir operati-ns, wa-
ter quality, and hydroelectric power production.

12



 The basin is divided into 25 reaches. Each reach con-
tains inflow points, diversion points, and possibly a
reservoir. Inflow points are used to model headwaters,
return flows, or gains and losses to the system. Diver-
sion points are used to model demands on the system.

« The hydrology data base consists of natural flow and
salt data for 29 inflow points. Natural data are defined
as historical or gauged data adjusted to remove the ef-
fects of human development, i.e. consumptive use, reser-
voir regulation, imports and exports. The data is com-
plete for the years 1906-85 and is wupdated every 5
years.

- The demand data base contains the diversion point
data. The data consists of annual schedules of withdraw-
als and depletions, monthly distributions, salt pickup
data, and type of water use information.

« The CRSS satisfies the provisions of the Criteria for
Coordinated lLong-Range Operation of Colorado River Res-
ervoirs. These Operating Criteria have been adopted by
the Secretary of the Interior as specified in the
Colorado River Basin Project Act (Public Law 90-537) to
comply with and carry out the provisions of the Colorado
River Compact, the Upper Colorado River Basin Compact,
and the Mexican Water Treaty.

+ Most of the items listed above are variable. For ex-
ample, the number of reaches, inflow points, diversion
points, or reservoirs can be changed; a stochastic hy-
drology data base can be used in lieu of the natural
data base; and values used to model the Operating Crite-
ria can be varied.

3.3 Limitations

Limitations of the model and data bases are:

e A maximum of 150 years can be modeled in one simula-
tion model run.

+ Each reach can model up to 10 inflow points, 10 diver-
sion points, and 1 reservoir. Each diversion point can
model up to 10 users or demands on the systen.

+ 8alinity is the only water quality parameter modeled,
and is modeled as total dissolved solids; precipitation
and ion exchange are not modeled.

» Small reservoirs on tributaries are not modeled;

therefore, some shortages may occur on these tributaries
in the model, which would not occur under actual condi-

13



tions.

- State water: rights or priorities of water use are not
modeled. Deliveries are made as the simulation proceeds
downstream through each reach. If a shortage occurs, the
shortage is met from an upstream reservoir, if possible,
but is not met by shorting a user with a Jjunior water
right.

+ Accuracy of the CRSS is affected by two items: (1) the
accuracy of the data and (2) the ability of the model to
simulate actual conditions. The former is largely depen-
dent on the accuracy of the United States Geological
Survey flow and salt measurements, which are reported in
this agency's Water Resources Data reports to be accu-
rate to within 5 to 15 percent, 95 percent of the time.
The latter has been determined by comparing simulated
flow and salt values from a CRSS run with historically
gauged values. The differences between the simulated and
historical values were 5 percent or less, based on the
average of 192 monthly values.

3.4 Incorporating Legislative Requirements

The CRSS satisfies the provisions of the Criteria for Co-
ordinated Iong-Range Operation of Colorado River Reser-
voirs (Operating Criteria). These Operating Criteria have
been adopted by the Secretary of the Interior as specified
in the Colorado River Basin Project Act (Public Law
90-537) 1in order to comply with and carry out the provi-
sions of the Colorado River Compact, the Upper Colorado
River Basin Compact, and the Mexican Water Treaty.

The particular items incorporated in the CRSM to satisfy
the Operating Criteria and other laws and regulations of
the Colorado River are listed below. These items are in-
cluded in the model for technical evaluation and do not
comprise a formal interpretation of the laws and regula-
tions. Many of the items and values are optional or vari-
able. For a more detailed description of an item, refer to
the section number specified in brackets.

(1) An objective minimum annual release from Lake Powell
of 8.23 million acre-feet. ([8.2.1]

(2) Additional water is released from Lake Powell to
equalize the active contents of Lakes Powell and Mead by
the EOWY (end of the water year) if the total Upper Ba-
sin projected EOWY active contents is greater than the
storage required by section 602(a) of Public Law
90-537, and 1if the projected EOWY active contents of
Lake Powell are greater than the projected EOWY active
contents of Lake Mead. [8.2.2]
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3) The additional water released in item (2) is con-
strained to the extent that it can be passed through the
Glen Canyon Powerplant. Any water thus retained in
Lake Powell to avoid bypass of water at the Glen Canyon
Powerplant will be released in subsequent months if
possible. [8.2.2]

(4) The value for the 602 (a) storage quantity used to
control the equalization of Lakes Powell and Mead is de-
termined by considering several factors including:
historic streamflows, the most critical period of
record, estimated future depletions in the Upper Basin,
an objective minimum annual release from Lake Powell of
8.23 million acre-feet, an allowable shortage in the Up-
per Basin, sediment accumulation in Lake Powell, and
the objective of maintaining minimum power pool in the
Upper Basin reservoirs. [8.2.4]

(5) Normal deliveries to Mexico of 1.515 million
acre-feet of water are scheduled annually. This value
includes 15,000 acre-feet of water for unavoidable
overdeliveries.

(6) Flood control is implemented following the Recom-
mended Field Working Agreement between Department of the
Interior, Bureau of Reclamation, and Department of the
Army, Corps of Engineers. In August through December
the target contents for Lake Mead are set to obtain the
monthly flood control space specified in the working
agreement. Space bu}lding releases are held to a
maximum of 28,000 ft7/s. In January through July a
minimum flood control release is computed based on the
forecasting procedures described in the working agree-
ment. A minimum flood control space in Lake Mead of 1.5
million acre-feet is maintained at all times. [8.3.1]

(7) Shortages are imposed on Arizona, Nevada, and Mexico
as Lake Mead drops below specified elevations. [8.5]

(8) The model has the optional capability to schedule
releases from Lake Powell in excess of the minimum an-
nual release and from Lake Mead in excess of downstream
demands in order to avoid anticipated spills from Lakes
Powell and Mead. This is known as the surplus strat-

egy. [8.4]

(9) Water delivered from Lake Mead in excess of normal
downstream demands is distributed equally to Arizona via

'CAP and California via MWD. If either CAP or MWD

reaches its capacity, the other user can take remaining
excess up to its capacity. After both CAP and MWD
reach their capacities, remaining excess water flows to
Mexico.
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The previous items are normally applied in studies using
the CRSS. However, most of the values and procedures de-
scribed can be easily modified or bypassed by simply
changing the input data. Therefore, studies can be made
using variations of these items; or the items themselves
can be studied using the CRSS.

3.5 Components of CRSS

The CRSS is composed of a number of computer progranms,
data bases, and input data files. The relationship be-
tween these programs and files is shown on figure 3.1.
Boldface words on the figure are computer file names.

The components of the CRSS can be divided into three gen-
eral groups: the demand files, the hydrology files, and
the CRSM and TAPEDIT files. The demand files are shown on
the upper left part of figure 3.1 and are described in
section 4: Demand Data. The hydrology files are shown on
the upper right part of figure 3.1 and are described in
section 5: Hydrology Data. The CRSM and TAPEDIT files
are shown on the lower half of figure 3.1 and are de-
scribed in section 6: Colorado River Simulation Model.

3.6 Basin Configuration

The Colorado River Basin is divided into 25 reaches in the
CRSS. These 25 reaches are shown in red on the basin map
found in front of this System Overview. Figure 3.2 shows
a schematic of the 25 reaches. Each block on the figure
represents one reach; for example, Reach 510, White River,
flows into Reach 600, Lower Grezn River.

Each reach consists of inflow points, diversion points,
and possibly a reservoir. Figure 3.3 shows a schematic of
one of the CRSS reaches: Reach 411 - Flaming Gorge Reser-
voir - Green River. This reach contains an inflow point
(I1), a diversion with a return flow (D1 and I3), a reser-
voir (I6), and a salinity checkpoint (I7). Each reach can
contain a maximum of 10 inflow points, 10 diversion
points, and 1 reservoir. (If a reservoir is used, only 9
inflow points are allowed.)

The number and arrangement of CRSS reaches can be changed,
if necessary, by modifying the input data to the model.
This is a time-consuming task, but can be accomplished
without revision to the CRSM computer code. The number and
arrangement of points within a reach can also be nodified.
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3.7 Performing a Study Using CRSS

A CRSM computer run uses one set of control data, one de-
mand schedule, and one set of hydrology data. A CRSS study
consists of making several runs with the CRSM, and varying
the control data, demand input data, hydrology input
data, or a combination of these.

The control data can be modified to study the effects of
maximum and minimum reservoir releases, generator effi-
ciencies, flood control space-building volumes, initial
reservoir conditions, bank storage coefficients, shortage
and surplus distributions, surplus strategy assurance lev-
els, and many other parameters.

Varying the demand input data allows the user to study the
effects of different demands or levels of developments on
the river. Also, scenarios with no water quality improve-
ment projects can be compared with scenarios containing
water quality improvement projects.

The effects of different hydrologic sequences can be stud-
ied by varying the hydrology input data. This can be done
in a number of ways: using the CRSS natural flow record
and varying the starting year of the hydrologic sequence,
using the CRSS natural flow record and averaging the re-
sults from several different hydrologic sequences, or us-
ing a synthetic or stochastic natural flow records in-
stead of the CRSS natural flow record.

Most studies involve a combination of the fore-mentioned
variations. Studies involving control data variations are
often run with more than one demand schedule to see what
further effect the level of development might have. Stud-
ies involving control data or demand data variations are
normally run using a variety of hydrologic sequences to
determine probable or "average" results or to see the ef-
fect of different flow patterns and volumes.
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4, Demand Data
4.1 General

The CRSS demand data consists of the depletion information
used by the simulation model. Since the CRSS uses a
natural streamflow hydrology data base (see section 5),
it is necessary to have demand data to deplete the natural
flows for studying various levels of basin development
and the resulting effects on water quality, flow, power
generation, reservoir levels, etc.

The CRSM is structured to allow up to 10 diversion points
in each reach. The demand data base is structured such
that each of these 10 diversion points can further be di-
vided into as many as 10 separate "users." These 10 users
are constrained to having the same monthly distribution
and the same return flow loop.

The maximum number of diversion point users in the CRSS is
2500 (25 reaches x 10 diversion points per reach x 10 us-
ers per diversion point), however, the practical limit is
less because some tributary reaches have few diversions.
Since the model is also limited to a total of 10 inflow
points per reach and many diversions require an inflow
point for their return flow, this also indirectly limits
the number of diversions possible in a reach. The
present demand data base contains approximately 120 diver-
sions consisting of a total of 245 users.

Two Lower Basin demands, the Central Arizona Project and
Metropolitan Water District, are handled uniquely. Both
of these demands use two diversion points. The first
point gives the normal diversion schedule, which repre-
sents the demand's projected share of Colorado River wa-
ter. The second point is used by the model to store the
actual delivery that is made, which is the scheduled
delivery minus any declared shortage or plus any deliv-
ered surplus.

4.2 Demand Data Base

The demand data is contained in the demand data base. The
Bureau of Reclamation maintains an official CRSS demand
data base that is updated as current or projected demands
on the river change. Other demand bases are created from
this official demand data base for CRSS studies as the
need arises.

The demand data base is not input directly to the model;
it is input to the SMDID (Simulation Model Demand Input
Data) generation program. With the demand data base as
input, SMDID generates a demand data input file for CRSM.
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A considerable amount of information is contained in the
demand data base. This information includes locations of
diversions and - return flows, annual amounts of withdraw-
als and depletions for each user, monthly distributions of
withdrawals and depletions, types of water use, and in-
formation on salt pickup.

An annual withdrawal is specified in the demand data base
for each user at each diversion point. A depletion is
specified for each withdrawal. Both the withdrawal and
depletion values are specified in thousands of acre-feet.
These values are specified for an initial year and for
each year there is a change in the withdrawal or deple-
tion. Withdrawals and depletions can be "fixed" amounts,
held constant for a number of years, or they can be
"trended" amounts, varying linearly over a number of
years (see section 11.1). A monthly distribution is
specified for each diversion point for converting annual
values of withdrawal and depletion into monthly values.
The model is designed to allow return flows to be lagged
up to 10 months, however, this feature has never been used
or tested.

A '"salt pickup" of a return flow is specified in mg/L
(milligrams/liter). This value can be either positive,
negative, or zero and is used to simulate salt 1leached
from irrigated land and picked up by return flows (+), a
reduction in salt load from a water quality improvement
project (-), or any similar increase or decrease (+ or -)
in salt 1load. This salt pickup is in addition to the
change in concentration of the river caused by the change
in volume of water in the river due to the depletion.

Flags are set in the demand data base to indicate one of
three special cases. The first case is a special export.
A special export is a diversion with no return flow that
diverts water at a specific salt concentration. The salt
concentration is specified in the demand data base. This
allows an export to divert water at a concentration dif-
ferent from the concentration in the river at the modeled
point of diversion, if the actual river diversion is
farther upstream than the CRSM models.

The second special case is a water quality improvement
project. This type of project removes salt from the river
and therefore has a negative "salt pickup." The third
special case is a diversion made directly from a reser-
voir. An example of such a diversion is the Navajo Indian
Irrigation Project, which is diverted from Navajo Reser-
voir. Reservoir diversions require special handling be-
cause the ability to meet such a demand is dependent upon
a reservoir elevation and not on the inflow or release
downstream of the reservoir.

24



Additional data contained in the demand data base are the
State in which the diversion occurs, and the demand use.
The nine demand uses are (1) thermal power, (2) agricul-
ture, (3) fish, wildlife, and recreation, (4) mineral, (5)
water quality improvement, (6) municipal and industrial,
(7) export, (8) coal gasification, and (9) oil shale.

Information used to control the output is also included in
the demand data base file. These include such things as
type of output reports desired (see section 4.4) and
years of output data desired.

4.3 Sources and Derivation of Demand Data
4.3.1 Upper Basin

The Upper Basin projected depletions used in the Bureau of
Reclamation's official demand data base are essentially
those depletions presented in the current version of the
Upper Colorado Region's report titled Projected Water Sup-
ply and Depletions - Upper Colorado River Basin. This
depletion schedule represents the Bureau of Reclamation's
best estimate of existing and projected depletions of wa-
ter due to man's activities in the Upper Colorado River
Basin. Each State's portion of the schedule was prepared
in consultation with the water resource agency of the re-
spective Upper Basin State and has been reviewed by the
States, however, the values in the schedule do not neces-
sarily have the concurrence of the States. Since pro-
jected depletions change from time to time, the depletion
schedule is typically reviewed on an annual basis and up-
dated if necessary.

Estimates of present use were developed by updating deple-
tions reported in the Upper Colorado Region Comprehensive
Framework Study published in June 1971. This study was a
large State-Federal interagency effort to formulate frame-
work plans for short- and long-term water resource needs.
Included in the study was a report of water uses by State
and type of use for a normalized 1965 level of develop-
ment. Values from the study have been updated to the 1983
level of development. Projections of water use beyond
1983 for the near future are developed from projections
supplied by State water resource agencies and from con-
struction schedules of projects authorized for
construction or already under construction.

other input data including monthly distribution of diver-
sions, return flow values, and salt pickup values are
taken from project data. If project data do not exist,
the data values are estimated. As more and better data
become available, these values are revised.
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The demand data base does not include evaporation from Up-
per Basin reservoirs because these quantities are com-
puted in the modeling process.

4.3.2 Lower Basin

The Lower Basin depletions used in the Bureau of
Reclamation's official demand data base are essentially
those depletions presented in tables 2 through 8 of the
Lower Colorado Region's report titled Consumptive Use of
Diversions from the Main Stem, revised September 1982.
These water use projections are derived from basic appor-
tionments, existing contracts, and information supplied by
the Lower Basin States.

The diversions needed to supply the consumptive use of de-
mands with return flows are calculated from either his-
torical diversion to consumptlve use ratios, maximum di-
version capacity to maximum allowable consumptive use
ratios, or an assumed diversion to consumptive use ratio
of approximately 167 percent when no other data are avail-
able. For exports, or demands where no return flows are
assumed, the diversion is set equal to the consumptive
use. Other water uses not projected in the above con-
sumptive use report, such as phreatophyte consumptlve use
and diversions to water quality improvement pro;ects, are
estimated. Evaporation from Lower Basin reservoirs are
not included in the demand data base since evaporation is
computed in the modeling process.

Monthly distributions of diversions are calculated from
historical data or from average monthly distributions of
similar diversions if no other data are available. The
monthly distributions for State of Nevada diversions were
supplled directly for use in the CRSS by the Colorado
River Commission of Nevada.

Salt pickup data for individual irrigation project return
flows are scarce in the Lower Basin. A value of salt
pickup is provided for two projects: the Palo Verde Ir-
rigation District and the Colorado River Indian Reserva-
tion. These values were determined from Reclamation
project data. Salt pickup from other irrigation projects
is accounted for in the salt gains and losses values in
the hydrology data base.

The delivery of water to Mexico is included in the data
base as a Lower Basin diversion. The diversion is the
amount specified by the Mexican Water Treaty of 1.5 mil-
lion acre-feet per year plus an estimated 1 percent addi-
tional water for wunavoidable overdeliveries of 15,000
acre—-feet per year.
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4.4 Demand Data Output

The SMDID program can generate several reports when it
creates the demand data input file from the demand data
base. The reports summarize the data contained in the
demand data base.

Report 1 summarizes the demand data by user. The withdraw-
als, depletions, return flows, and salt pickup are dis-
played for each user for the years specified in the data
base for Reports 1-3. Totals are accumulated for each di-
version point and reach. Salt pickup accumulation for a
diversion point is weighted proportionally to the indi-
vidual user return flow in mg/L.

Report 2 summarizes the demand data by reach. The with-
drawals, depletions, return flows, and salt pickup are
displayed for each reach and are broken down by use
(thermal power; agriculture; fish, wildlife, and recre-
ation; mineral; livestock and stockpond evaporation; mu-
nicipal and industrial; export; coal gasification; and oil
shale). Output is received for the years specified in
the data base for Reports 1-3.

Report 3 summarizes the demand data by State. Withdrawals
and depletions are summarized for each State, and totals
are given for the upper and lower subbasins and the entire
basin. Output is received for the years specified in the
data base for Reports 1-3. The Upper Basin portion of
this report is similar to the summary table that appears

in the Projected Water Supply and Depletions report.

Report 4 summarizes incremental depletions by State. Base
year depletions and increases in depletions are broken
down by reach and by use. Output is received for the years
specified in the data base for Reports 4 and 5.

Report 5 summarizes total depletions by State. Depletions
are broken down by use and include totals for the two
subbasins and for the entire basin. Output is received for
the years specified in the data base for Reports 4 and 5.

Report 6 is a listing of the initialization data file cre-
ated as input to the simulation model. This file contains
the demand data for the initial or base level of develop-
ment. The initialization data file is the first half of
the demand input data file that is input to the simulation
model.

Report 7 is a listing of the transaction data file created
as input to the simulation model. This file contains the
demand data for increases or decreases in demands from
the base level of development. The transaction data file
is the second half of the demand input data file that is
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input to the simulation model.

The SMDID program also produces diagnostic input
messages that are helpful in assuring that data are
in the correct order and format.
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5. Hydrology Data
5.1 General

The CRSS hydrology data consists of the natural flow and
salt data used by the simulation model. Natural data are
defined as historical data adjusted to remove the effects
of human development. Consumptive use, reservoir regula-
tion, exports, and imports have been factored into his-
torically recorded data to obtain "natural" conditions.
With the exception of Lower Basin actual flow stations,
all data in the hydrology data base are natural data.

The hydrology data is input to the model at CRSS inflow
points known as hydrology input stations. There are 29 hy-
drology input stations, corresponding to the 29 USGS
streamflow gauging stations from which they were derived,
shown on the CRSS Basin Map (inside front cover). The 29
hydrology input stations are located on key reaches of the
Colorado River mainstem, most of the major tributaries,
and below major structures. Fourteen of the stations are
actual flow stations. In the Upper Basin, actual flow
stations are the most upstream points modeled in each
tributary. In the Lower Basin, actual flow stations rep-
resent the entire tributary. The remaining 15 stations
are intervening flow stations. Intervening flow stations
contain gains or losses in flow and salt between a station

and the last upstream station.

5.2 Hydrology Data Base

The hydrology data base contains monthly values of flow
and salt for each hydrology input station from water year
1906 through water year 1985. The hydrology data base is
updated every 5 years. Values of flow are represented in
units of 1,000 acre-feet. Values of salt are represented
as salt load in units of 1,000 tons.

The hydrology data base is not input directly to the
model, but is input to the Hydrology Input Data Generation
Program (MHYDRO). MHYDRO uses the hydrology data base to
generate a hydrology data input file for the model.

Hydrology data bases created with stochastic flow and salt
data can also be used by the CRSM. These are described in

section 5.5.
5.3 8Sources and Derivation of Hydrology Data
The major source of data for the hydrology data base was

USGS streamflow records. Data from 29 stream gauges were
selected for use in the CRSS. To produce a homogeneous
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data set for modeling purposes, it was necessary to adjust
the data at each stream gauge to reflect the same condi-
tions, 1.e., a common level of development and a common
period of record.

The common level of development chosen is "natural,"
sometimes called virgin or undepleted / unregulated. All
of the data in the hydrology data base have been adjusted
to this "natural" level except the Lower Basin actual flow
stations which are described in section 5.3.2. The com-
mon period of record begins with water year 1906. After
flow records were adjusted to natural conditions, any
missing data in the records were filled in using multiple
regression techniques, where possible.

5.3.1 Upper Basin

Monthly wvalues of natural flow and natural salt are com-
puted for 21 USGS stream gauges in the Upper Basin. These
natural flow and natural salt values are then used to cre-
ate the monthly flow and salt data for the CRSS actual
flow and intervening flow hydrology input stations.

Upper Basin Natural Flow

The basic equations used to determine natural flows for
one month at a stream gauge are:

Natural flow = historical flow + upstream uses

Upstream uses = crop consumptive use + reservoir
regulation + exports + M&I depletions + incidental
depletions - imports

Not every term of the equation, of course, was applicable
at every stream gauge. The historical flow was gauged
flow as recorded by the USGS. The other terms are de-
scribed in the following paragraphs.

Monthly crop consumptive use was calculated by the
modified Blaney-Criddle method. The area upstream of the
stream gauge was broken into subareas and the irrigation
consumptive use for each subarea was calculated based on
recorded crop distribution patterns, growing seasons, and
climate. Irrigation consumptive use values for all
subareas above a stream gauge were added together to de-
termine a monthly total irrigation consumptive use value
for the particular stream gauge. Care was taken to be
consistent with earlier studies such as the 1918 Final

Report of the Engineering Advisory Committee and the 1971
Upper Colorado Region Comprehensive Framework Study.
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Reservoir regulation was analyzed in three parts: monthly
change in surface storage, monthly change in bank storage,
and monthly evaporation. The changes in these factors
were added algebraically for each reservoir on a monthly
basis. Monthly reservoir regulation values for all res-
ervoirs upstream of the stream gauge were then totaled to
compute the reservoir regqulation for that stream gauge.

Monthly flows for out-of-basin exports were obtained from
the USGS and irrigation districts. The export term is the
monthly sum of all export flows out of the basin, upstream
of the stream gauge.

Municipal and industrial use is primarily municipal wuse
and thermal powerplant use upstream of the stream gauge.
It was determined from diversion records and records of
powerplant uses. The monthly values were calculated by
dividing the annual values by twelve. Refinements are
being investigated that would more realistically relate
the monthly values to actual use patterns.

Monthly flows for imports were obtained from the USGS and
irrigation districts. The import term is the monthly sum
of all import flows into the basin, upstream of the stream
gauge.

Incidental depletions or miscellaneous adjustments account
for such uses as stock pond evaporation, fish and wildlife
uses, etc. Generally, only annual totals were estimated
with monthly values being determined by a fixed percentage
distribution.

Computer programs have been developed to handle the great
amount of data necessary to make the adjustments from his-
torical flow to natural flow.

After all of the historical flow data had been converted
to natural flows, it was necessary to extend the data back
to 1906 at those stream gauges which had no record in the
early years, as well as fill-in any gaps which may have
existed. Generally, this was done by step-wise multiple
regression techniques using data from one to four nearby
stream gauges. In some cases, the Upper Colorado River
Commission's Engineering Advisory Committee had made pre-
vious estimates of virgin flows for the early years. To
check for accuracy, the CRSS natural flow data was
checked againstzthis earlier work. The coefficient of de-
termination (r“) for most of the extensions were above
0.90 with many in the 0.95 to 0.98 range. This would in-
dicate that reasonably accurate extensions of data were
obtained.
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Upper Basin Natural Salinity

Natural salinity was initially derived using the following
procedure. First, the historical salt load vs. the his-
torical flow was plotted on log-log paper at each stream
gauge for each month. It was found that best-fit curves
with this data were straight lines on Blog-log paper,
i.e., the relationship had the form TDS=AQ , where TDS was
tons of salt, Q was monthly discharge in 1,000 acre-feet,
B was the slope of the line, and A was a constant.

It was reasoned that irrigated acreage can be used as an
index of man-caused salinity and that most of the de-
viation of the points from the best-fit line can be ac-
counted for by changes in irrigated acreage from year to
year. The deviation of each point from the best-fit line
was then plotted on arithmetic paper against the estimate
of irrigated acreage for that particular year. The
best-fit straight-line curve was computed and the inter-
cept value or the "zero-acreage factor" was determined.

The zero- acreage factors were then plotted against the
month of the year and generally were found to fall into a
rough sinusoidal pattern. By trial, the best-fit sine
curve was plotted and new "smoothed" values for zero
acreage factors were determined. Zero-acreage or curves
of natural salt load vs. flow wege then computed for each
month from the equation TDS=A'Q", where A' was the ad-
justed zero acreage factor. It was assumed that the
slope, B, would remain the same as before.

Theoretically, it would now have been possible to compute
the average annual natural salt loading if the average
monthly natural flows were known. It was felt, however,
that the relationships were not strong enough to provide
this value with any reliability. Therefore, the results
from the procedure previously described were used to pro-
vide a means for distributing on a monthly basis indepen-
dent estimates of annual natural and man-caused salinity
values. ;

The independent estimates used were those of Von Iorns as
presented in USGS Professional Paper 441. Using the data
in P.P. 441, an iterative process was used to adjust the
salinity equation such that the determined monthly values
would be summed to the annual values. Equations were de-
veloped for each stream gauge for each month and the
natural salt load for the entire period of record was de-
termined. These natural salt load values were used in the
CRSS until October 1986.

The USGS, in 1986, derived natural salinity values for

most of the Upper Basin hydrology stations using a regres-
sion procedure. The results showed slight variations from
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the previous work, but for the most part verified the ac-
curacy of the existing CRSS natural salinity data. The
natural salinity values computed by the USGS were incorpo-
rated into the CRSS hydrology data base in October 1986.

The USGS developed a statistical method to estimate
monthly natural salt load at selected hydrology stations
in the Upper Colorado River Basin. The method used
weighted least-squares regression to develop a model of
historical salt load as a function of historical
streamflow and several variables representing development.
Development variables included upstream adjustments to
streamflow, consumptive use, diversions, and irrigated
acreage.

The regression equation took the form C = aQb, where C is
concentration in mg/L, Q is streamflow in ft”/s, and a and
b are empirical constants. After the model was calibrated
for an individual station, the development variables were
removed resulting in a relationship between salt load and
streamflow for conditions of no upstream development.
Natural salt load was calculated using this relationship
and estimates of natural streamflow provided by the U.S.
Bureau of Reclamation.

A limitation of this analysis was a lack of data to ad-
equately represent all the effects of development and to
verify the monthly natural salt load estimates. However,
results from the CRSS showed a good comparison between a
simulation run using the USGS natural salinity values and
historical data. In addition, mean annual natural salt
load values were approximately equal to mass-balance esti-
mates.

Upper Basin Actual and Intervening Flow Statiomns

Actual flow stations in the Upper Basin are the
upstream-most points modeled in each tributary. The
monthly values of flow and salt for an actual flow sta-
tion are the natural flow and natural salt values previ-
ously described. The first diversion point on each
tributary introduces all depletions, reservoir regulation,
exports, and imports that occur upstream of the actual
flow station.

Intervening flow stations contain gains and losses in flow
and salt that occur along the river between two stream
gauges. In the Upper Basin, monthly flow and salt values

‘for an intervening flow station are computed by taking the

natural flow and salt values computed for the downstream
gauge and subtracting the natural flow and salt values
computed for the upstream gauge. Since natural flow and
salt values are used in the computation, the intervening
flow and salt values are also natural.
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5.3.2 Lower Basin

Hydrology in the Lower Basin consists primarily of gains
and losses in flow and salt along the Colorado River
mainstem. The monthly flow and salt values for both the
actual flow and intervening flow stations are based on
historical flow and salt data from the 8 Lower Basin
streamflow gauges. Intervening flow data are then ad-
justed to natural conditions by taking into account the
effects of depletions, reservoir regulation, evaporation,
inflows, etc., between the stream gauges.

Note that the difference in computing intervening natural
flow and salt values in the Upper and Lower Basins is that
the Upper Basin adjusts every stream gauge to a natural
condition and then computes the differences between
naturalized stream gauges to obtain intervening values;
the Lower Basin computes the differences in historical
values between stream gauges to obtain intervening values
and adjusts the differences to a natural condition.

Lower Basin Actual and Intervening Flow Stations

Actual flow stations in the Lower Basin represent entire
tributaries. These tributaries are not modeled indi-
vidually because of their very small size relative to the
flow and salt in the Colorado River mainstem. These
tributaries include the Paria (physically located in the
Upper Basin), Little Colorado, Virgin, and Bill williams
Rivers. Since the tributaries themselves are not modeled
(i.e., depletions, inflows, and reservoir regulation are
not modeled on the tributary except for some future
depletions on the Virgin), the flow and salt data for
Lower Basin actual flow stations are left in a historical
condition rather than being adjusted to a natural condi-
tion. In the hydrology data base, monthly flow and salt
values for these four actual flow stations are his-
torically recorded data.

Intervening flow and salt values (gains and losses) in the
Lower Basin are determined by taking the difference be-
tween historical flow and salt values of two stream
gauges, and adjusting the difference to a natural condi-
tion. The actual procedure involves two steps. First,
flow values are computed at the location of the downstream
gauge by taking the historical flow values at the upstream
gauge and subtracting all diversions, adding all inflows,
and adding or subtracting any change in reservoir storage
that occur between the two stream gauges. (Diversions in-
clude agricultural and M&I consumptive uses, 1i1eservoir
evaporation, and any exports that occur within the reach.)
Adjusted salt values are computed similarly.

The second step is to subtract the flow and salt values
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computed at the location of the downstream gauge from the
recorded historical flow and salt values of the downstream
stream gauge. This subtraction gives the gains and losses
that have occurred between the two gauges. The gains and
losses are natural because of the adjustment in step one.

Lower Basin Special Considerations and Assumptions

Several of the intervening flow stations in the Lower Ba-
sin use average values for portions of their record sets.
For the intervening flow stations at the Grand Canyon and
at Hoover Dam, only the 1963 to present (the closure of
Glen Canyon Dam to present) data contain the historically
recorded data adjusted to natural conditions. The 1906
to 1962 period of the data base contains average monthly
values calculated from the 1963 to present data. For ex-
ample, the average of the January flow values of years
1963 to present is used as the January flow value for each
year 1906 through 1962. For the intervening flow
stations downstream of Hoover Dam, the 1906 to 1934 period
of the data base uses average monthly values calculated
from the 1935 to present data.

This use of average values is based on the assumption that
the reach gains and losses that historically occurred be-
fore the closure of Glen Canyon Dam and Hoover Dam do not
describe the present and projected river conditions below
these dams. The nature of the meandering river flowing
through the Lower Basin that existed before the closure of
these dams has undergone significant changes. The re-
sults of these changes and the expected behavior of the
river system below these dams can only be described by
data recorded subsequent to their closure.

Three of the four actual flow stations in the Lower Basin
also use average values for portions of their record sets.
For these stations, average values of the existing por-
tions of the record sets were used to fill in gaps in the
early years of the records. Average values were used be-
cause of a lack of historical data and poor relationships
between available data at stream gauges. This prevented
extension of the data using multiple regression or other
techniques. Average values were used at the Little
Colorado River station from 1906-1925, at the Virgin River
station from 1906-1909, and the Bill Williams River sta-
tion from 1906-1913.

The hydrology data base presently extends only to Imperial

Dam. This in effect assumes that the sum of gains and
losses between Imperial Dam and the Southern Interna-
tional Boundary is zero. Work is presently underway to

extend the hydrology data base from Imperial Dam to
Mexico. This work is expected to be completed and
docunmented by the end of 1987.
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5.4 Hydrology Data Output

The MHYDRO program can generate statistical and graphical
output data in addition to creating the hydrology data in-
put file. The output data summarizes the data contained
in the hydrology data base. The output data that are
available are listed below along with the MHYDRO command
associated with it.

CHECKSUM - Sums monthly flow and salt values to obtain
total values of flow and salt for the entire period of
record at one or more stations.

CORRELATE - Computes correlation coefficients between
specified stations.

INDEX - Prints an index of stations in the data base.

PIOT - Creates plots (with the help of another program)
of annual values of flow and salt versus time, a double
mass plot of accumulated flow or salt, accumulated val-
ues of flow and salt versus time, or flow versus salt.

PRINT - Prints tables of flow and salt data.

STATISTICS - Computes statistics of annual values.

5.5 Use of Stochastic Data

Stochastic hydroloay offers the capability to assess the
impacts of cperational and water use changes under a much
wider variety of hydrologic sequences than the historical
record provides. Stochastic hydrology allows for the gen-
eration of a equally likely hydrologic sequences, which
still preserve Kkey statistical properties of the his-
torical record.

The CRSS has the capability to use stochastic hydrology
inflow data in place of the historical-based data normally
used. Although only limited use has been made of sto-
chastically generated hydrology data in CRSS studies, the
potential for wider use exists and the added effort re-
quired to generate a series of stochastic traces is often
worthwhile. The results of a study using several stochas-
tically-generated hydrologic sequences generally provides
a broader range of operating characteristics than results
of a modeling study which relies exclusively on the his-
torical record.

An example of a study which used stochastic hydrology data
is Alternative Operatinag Strategies for Distributing Sur-
plus Water and Avoiding Spills. This study utilized the
CRSS package with a combination of historical and stochas-
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tic hydrologic traces to evaluate the effects of
alternative operating strategies on reservoir content and
releases, power generation, water quality, deliveries to
various water users, and other parameters of interest.
Monthly stochastic flow and salt values were generated
using several computer programs written specifically for
that study, but which could easily be modified for use in
other studies.

The LAST (Lane's Applied Stochastic Techniques) computer
package supported by the Bureau of Reclamation can also be
used to generate stochastic traces from historical record
sets. The LAST package creates annual and seasonal sto-
chastic values while preserving statistical properties
and correlations of the historical data set. The stochas-
tic values can then be transformed into the format needed
for input to the CRSM. More information is available on
the ILAST package in the Bureau of Reclamation's Applied

Stochastic Techniques User's Manual.
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6. Colorado River S8imulation Model - CRSM
6.1 General

The main part of the CRSS is the Colorado River Simulation
Model. All of the water and salt accounting, reservoir op-
erations, decision-making, and other river simulation
takes place in the CRSM.

A general flowchart of the model is presented in section
6.4 and a detailed flowchart of the model is presented in
section 6.5. Discussions on specific parts of the model
and underlying assumptions are presented throughout sec-
tions 7, 8, 9, 10, and 11. The input files, output files,
and output program used in conjunction with the model are
discussed below.

6.2 CRSM Input Data

There are four computer files that are input to the CRSM
(see figure 3.1):

CRSM control file

Demand data input file

Hydrology data input file

TAPEDIT (output program) control file

The CRSM control file contains the data that describe the
system characteristics, constraints, and initial condi-
tions. These data include reach configuration; identifi-
cation of inflow points and delivery points; reservoir in-
formation like area-capacity curves, maximum and minimum
contents, evaporaticn rates, bank storage rates, maximum
and minimum releases, target storage levels, and initial
contents; powerplant information like generator ratings,
efficiency, maximum and minimum power head, tailwater
curves, discharge curves, and power factor; monthly dis-
tribution of annual salt pickup; and data for making deci-
sions involving runoff forecasts, shortage conditions,
and surplus conditions. This file also includes run con-
trol information like length of run, starting year of hy-
drology, operating strategies to be used, if any, and
titles.

The demand data input file, which is merged with the CRSM
control file before input to the model, contains the data
for each diversion point in the system. This file is cre-
ated from the demand data base using the SMDID program and
contains demand schedules, consumptive use, and return
flow information. These data are discussed in detail in
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section 4: Demand Data.

The hydrology data input file contains the data for each
hydrology input station in the system. This file is cre-
ated from the hydrology data base using the MHYDRO program
and contains monthly flow and salt values for each inflow
point and monthly total inflows for reaches where spring
runoff is to be predicted. This data is discussed in de-
tail in section 5: Hydrology Data.

The TAPEDIT control file specifies what data is to be gen-
erated by the CRSM and what is to be done with the data.
The first part of the TAPEDIT control file specifies what
data should be generated by the CRSM and transferred to
the TAPEDIT output program. This information includes the
types of output desired, the locations in the basin where
the output is desired, and the length of periods desired.
The second part of the TAPEDIT control file specifies
what the TAPEDIT output program is to do with the data.
This part of the file controls the printing, plotting, and
manipulation of data and supplies labels for tables and
plots.

6.3 CRSM Output Data

There are two sets of output from the CRSM. The first set
of output comes directly from the model while the second
set of output comes from the TAPEDIT output program (see
figure 3.1).

The first set of output, called the CRSM output, contains
run information, error messages, debugging information,
shortage messages, comment messages, and an annual flow
and salt summary table. This information is received each
time the model is run and is controlled by the CRSM con-
trol file.

The second set of output contains all the detailed output
data from the model. The TAPEDIT output program has the
ability to print tables, create plots, and manipulate
data like adding and subtracting output data or performing
statistical analyses on the data. Data that can be ob-
tained through the TAPEDIT output program includes flow of
the river, quality of the river, quantity or quality of
inflow, planned or actual diversions, reservoir operation
data, powerplant data, planned or actual amounts of con-
sumptive use, and flow-weighted salinity of riverflow.
Several of these items are broken down into specific in-
formation 1like monthly reservoir contents, uncontrolled
spills, controlled releases, and release salinity concen-
trations.
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6.4 General Flowchart of CRSM

The general flowchart on figure 6.1 illustrates the basic
flow of the model. The flowchart includes the three major
subroutines that are used in the model during each month
of simulation: SURPLUS, HYDRBAL, AND RSALT. Each of
these subroutines in turn calls other subroutines, not
shown on the figure, to perform its basic function.

Subroutine SURPLUS is the part of the model that deter-
mines monthly releases from Lakes Powell and Mead, incor-
porating operational strategies and legislative require-
ments. In determining monthly releases from Lakes Powell
and Mead, subroutine SURPLUS uses forecast procedures,
strategies to distribute surplus water or shortages,
minimum delivery requirements, minimum storage require-
ments, reservoir balancing, and flood control regulations.
Each of these items is discussed individually in sections
7 and 8.

Subroutine HYDRBAL routes the water through the systen.
This subroutine handles inflows, return inflows, deliver-
ies, reservoir operations, and power generation. Each of
these items is discussed individually in sections 7, 9,
and 11.

Subroutine RSALT routes the salt through the system. The
salt routing procedures are discussed in section 10.

This flowchart is intended to give only a very general
picture of flow through the model. A detailed flowchart
of what happens in the model is presented in the next
section.

6.5 Detailed Flowchart of CRSM

A detailed flowchart of the CRSM is presented on figure
6.2. This flowchart lays out the major steps, decisions,
and equations in the CRSM and its main subroutines. The
flowchart should be used to understand the steps and pro-
cedures the model follows to simulate operation of the
Colorado River System. Additional discussions on proce-
dures and underlying assumptions are given throughout the
remainder of this System Overview.
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:
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SEDADJ
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READER

Begin the computer run.

Begin new simulation. Read input data.

Begin new month of simulation.
Read monthly flow and salt data.

Compute scheduled diversions and consumptive

Compute releases from Lakes Powell and Mead.
Apply surplus or shortage strategies.

Process inflows, diversions, and reservoirs.

Route the salt through the systen.

Ssave results for this month's simulation.

Adjust reservoirs for sediment accumulation.

Read input data that changes between months.

use.

If there is another month of simulation, return
to beginning of loop to simulate the next month.

If there is another simulation, increment the
hydrology record and return to beginning of loop.

output the results and end the computer run.

Figure 6.1 General Flowchart of CRSM
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PART III

SPECIFIC MODELING PROCEDURES
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7. Hydrologic Analysis
7.1 Runoff Forecast Procedure

The CRSM develops a runoff forecast to simulate operations
of Lake Powell and Lake Mead. At Lake Powell, the runoff
forecast is used to avoid excessive releases at Glen Can-
yon Dam, and is also used to predict the EOWY contents of
Lakes Powell and Mead to determine if equalization re-
leases are necessary (see section 8.2). At Lake Mead, the
runoff forecast is used to determine flood control re-
leases at Hoover Dam during the January to July period
(see section 8.6).

7.1.1 Lake Powell Forecast

The CRSM develops a runoff forecast for Lake Powell each
month from January through September. Each month, the
runoff volume for the current month being modeled through
September is forecasted. Because CRSM "reads" the natural
inflow that will occur during the forecast period, it al-
ready has a perfect forecast. To use the perfect forecast
in determining the reservoir operation would unrealisti-
cally bias the results obtained from CRSM. So, a forecast
error 1is computed and added to or subtracted from the
perfect forecast in order to more realistically simulate
the reservoir operation.

The monthly Lake Powell runoff forecast is equal to:

(1) The natural flow into Lake Powell for the
current month being modeled through July,

plus

(2) the long-term average natural flow into Lake
Powell for the months of August and September,

minus

(3) The estimated depletion in the Upper Basin
during the forecast period,

plus
(4) A forecast error, which can be either

positive or negative.

Items (1), (2), and (3) are all read from input data files
by the CRSM. Item (1) is read from the hydrology data in-
put file. Item (2) is read from the CRSM control file.
Item (3) is read from the demand data input file. Item
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(4) is computed each month, except August and September
in which no forecast error is assumed.

Forecast Error

The runoff forecast error is computed using equations de-
rived from an analysis of past Colorado River forecasts
and runoff data for the period 1947 to 1983. Analysis of
these data reveals two strongly established patterns: (1)
high runoff years are underforecast, and low runoff years
are overforecast; (2) the error in this month's seasonal
forecast 1is strongly correlated with the error in the
preceding month's forecast. Since these established pat-
terns are inherent in the equations used by the CRSM, the
forecast errors computed by the CRSM will also tend to
produce these same patterns.

A regression model has been developed to aid in determin-
ing the error to be incorporated into the seasonal fore-
cast for each month from January to June. The error is
the sum of a deterministic and a random component. The
deterministic component is computed from the regression
equation. The random component is computed by multiplying
the standard error of the regression equation by a random
mean deviation selected from the standard normal distribu-
tion (mean = 0, variance = 1).

The forecast error equation has the following form (all
runoff units are million acre-feet):

Ej = a;X; + byEy gy +Cy +2.d;
Where:

I = month

E; = error in the forecast for month "i."

Xy = natural runoff into Lake Powell from month "i"
through July.

a; = linear regression coefficient for X, -

E(i-l) = previous month's forecast error :

4 = linear regression coefficient for E , .,.

C; = constant term in regression equatioﬁ f%%
month "i."

zr = randomly determined mean deviation taken from
the standard normal.distribution

di = standard error of estimate for regression

equation for month"i."

The following table summarizes the regression equation co-
efficients for each month.
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Standard

Runoff Error error of

coefficient coefficient Constant estimate

Month (1) (a;) (b;) (c;) (d;)

Jan. 1 0.70 0.00 -8.195 1.270
Feb. 2 0.00 0.80 -0.278 0.977
March 3 0.00 0.90 0.237 0.794
April 4 0.00 0.76 0.027 0.631
May 5 0.00 0.85 0.132 0.377
June 6 0.24 0.79 0.150 0.460

There are three additions to the procedure described
above. (1) The magnitude of the June forecast error may
not exceed 50 percent of the May forecast error. (2) The
July forecast error is equal to 25 percent of the June
forecast error. (3) There is no forecast error for the
months of August and September.

7.1.2 Lake Mead Forecast

The operation of Lake Mead and Hoover Dam requires a run-
off forecast in each month from January through July. Each
month, the runoff volume for the current month being mod-
eled through July is forecasted. Flood control op-
eration of Lake Mead requires use of the maximum forecast.
The maximum forecast is defined by the flood control cri-
teria for Lake Mead as the estimated inflow volume that,
on the average, will not be exceeded 19 times out of 20.

The CRSM first develops a mean monthly forecast for Lake
Mead by taking the Lake Powell current month through Sep-
tember forecast, subtracting the portion which is fore-
cast for August and September, and adding the long-term
average natural tributary inflows between Lake Powell and
Lake Mead for the current month through July period. No
additional error is incorporated into the Lake Mead fore-

cast.

The maximum forecast for Lake Mead is determined by adding
a monthly constant to the mean forecast. Seven constants
are supplied by the CRSM control file that ccrrespond to
the seven forecasts from January through July. The con-
stants currently used are:
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Quantity added to the Lake Mead
mean forecast to determine the

Forecast period maximum forecast (million acre-feet)
January - July : 4.980
February - July 4.260
March - July 3.600
April - July 2.970
May - July 2.525
June - July 2.130
July 0.750

7.2 Routing the Water Through the System

The CRSM simulates riverflows on a monthly time frame,
starting at the upstream end of the basin and proceeding
downstream. Computations are done reach by reach in the
order specified as input to the model. Within a reach,
computations are done point by point from the upstream to
the downstream end.

At the beginning of each monthly time increment, the flow
at every sequence point is considered to be zero. In
other words, the model assumes all storage of water is in
the reservoirs, that no water is stored in the river. Wwa-
ter occurs in the river only as it is routed through the
system each month.

A sample river basin is shown on figure 7.1. Each se-
quence point is either an inflow, a diversion, or a reser-
voir. A typical order of processing sequence points is
given by the numbers on the figure. As the model moves
from sequence point to sequence point, the procedure is
basically to add inflows to the flow in the river, sub-
tract diversions from the flow in the river, and operate
reservoirs to store and release water.

The first sequence point in a reach is always an inflow
point. When the first sequence point of a reach is pro-
cessed each month, a value called "flow in river" is set
to zero. On figure 7.1, point 1 is the first sequence
point of Reach 1-7. As Reach 1-7 is processed each month,
the model first sets flow in river to zero. The model
then adds the inflow at point 1 to flow in river. Next,
the model adds the inflow at point 2 to flow in river.
The model then subtracts the diversion at point 3 from
flow in river, and so on. When the entire Reach 1-7 is
processed, the value of flow in river computed at point 7
is saved as an inflow to point 25. When Reach 22-30 is
processed, point 25 will be processed as an inflow using
the value of flow in river computed at point 7 as the in-
flow amount. '
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Figure 7.1- Sample River Basin
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Inflow points are either hydrology input stations, return
flows, flows from upstream reaches, or salinity check
points. Hydrology input stations are points where monthly
values of flow and salt are introduced into the basin.
These monthly values come from the hydrology data input
file, which is described in section 5. Return flows are
the portions of demands that are diverted but are not con-
sumptively used. These flows are returned to the river
at an inflow point downstream of the diversion, but not
necessarily to the same reach as the diversion. Salinity
check points are points used to check the salinity of the
river against maximum and minimum limits specified for the
point.

Diversion points are points where water is diverted from
the river. Each diversion point has a diversion schedule
which is supplied to the model from the demand data input
file (see section 4). If there is enough flow in the river
at a diversion point to meet the scheduled diversion, then
the entire amount is diverted from the river. The diverted
water is consumptively used, returned to the river down-
stream, or a combination of these.

If there is not enough flow in the river to meet a sched-
uled diversion, designated upstream reservoirs are called
upon to supply additional water. Reservoirs that can be
used to supply additional water include the reservoir
that is in the same reach as the demand, if it is upstream
of the diversion, plus any upstream reservoirs specified
in the CRSM control file as being able to supply addi-
tional water to the demands in this reach. If a diversion
is in need of additional water, these reservoirs are
ranked in descending order by the size of their current
surface areas. The reservoir with the largest surface
area then supplies additional water until either the de-
mand is satisfied or the reservoir reaches minimum active
capacity or maximum allowable release. If additional wa-
ter is still needed, the next ranked reservoir is called
upon, and so on until the demand is met. If the demand
cannot be fully met, the demand is shorted and a shortage
message is printed.

The third type of sequence point is the reservoir. Each
reservoir has a set of "rule curves" that specify
monthly target storage values for each reservoir. These
rule curves are read in from the CRSM control file. In
addition, the rule curves for Flaming Gorge, Blue Mesa,
Navajo, Powell, and Mead are adjusted monthly based on
conditions in the systenmn. These rule curves and adjust-
ments are further described in section 11.2. Each time
water is routed through a reservoir, the attempt is made
to bring the reservoir contents to the specified target
storage.
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The first step in routing water through a reservoir is to
add the flow in the river from the upstream sequence point
to the current contents of the reservoir. Next, the res-
ervoir release is increased or decreased to force the con-
tents, with the inflow added in, to meet the target stor-
age. Finally, the release and contents are checked
against minimum and maximum values and adjusted if neces-
sary.

The reservoir release becomes the new flow in the river.
After the release and contents are determined, a new water
surface elevation and area, evaporation, bank storage,
and power generation are computed. Two of the reservoirs,
Lakes Powell and Mead, have special procedures for deter-
mining releases; these are discussed separately in sec-
tion 8.

A numerical example of how water is routed through a reach
is given on figure 7.2.

Salt in the river is routed through the system similarly
to the procedure of routing water. Salt is added to the
river at inflow points, diverted from the river at diver-
sion points, and mixed into reservoir contents. The pro-
cedure is described in detail in section 10.
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8. Releases From Lakes Powell and Mead
8.1 General

Lakes Powell and Mead are operated differently than the
other Colorado River reservoirs. Lakes Powell and Mead are
operated not only to meet target storage levels each
month, but also to meet specific requirements of each res-
ervoir.

Releases from Lake Powell are made to satisfy an objective
minimum release schedule. Additional releases are made
(1) if Lake Powell exceeds its maximum capacity or target
storage levels, (2) if dictated by the surplus strategy,
or (3) if needed to equalize the contents of Lakes Powell
and Mead.

Releases from Lake Mead are made to satisfy downstream de-
mands. Additional releases are made (1) if Lake Mead ex-
ceeds its maximum capacity or target storage levels, (2)
if needed to meet the target storage 1levels of Lakes
Mohave and Havasu, (3) if dictated by the surplus strat-
egy, or (4) if needed for flood control regulation.

8.2 Releases from Lake Powell

Releases from Lake Powell are initially scheduled to fol-
low an objective minimum release schedule, and then
modified if necessary. Releases in excess of the minimum
release schedule can be caused by either (1) Lake Powell
exceeding maximum capacity or target storage levels, (2)
releases dictated by the surplus strategy, if wused,
whereby excess releases are scheduled to avoid spills, or
(3) releases needed to equalize the active contents of
Lakes Powell and Mead by the end of the water year. The
objective minimum release is discussed in section 8.2.1,
the surplus strategy is discussed in section 8.4, and re-
leases which are scheduled for equalization are discussed
in section 8.2.2.

8.2.1 Objective Minimum Release

Article 1II(2) of Criteria for Coordinated Long-Range Op-
eration of Colorado River Reservoirs specifies "the ob-

jective shall be to maintain a minimum release of water
from Lake Powell of 8.23 million acre-feet." The CRSM
schedules Lake Powell releases to meet this annual objec-
tive minimum release. This annual release is divided into
12 monthly releases which are specified in the CRSM con-
trol file. Lake Powell monthly releases are equal to these
monthly objective minimum releases unless they are in-
creased due to one of the three conditions previously
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described in section 8.2.

If it is desired to model the operation of the Colorado
River using a different objective minimum release from
Lake Powell, it can be easily accomplished by changing one
line of data in the CRSM control file. This is the only
change required to model the river with a different ob-
jective minimum release from Lake Powell.

8.2.2 Reservoir Equalizing

Articles II(3) and 1II(4) of Criteria for Coordinated
Long-Range Operation of Colorado River Reservoirs specify
that "If, in the plan of operation, the Upper Basin Stor-
age Reservoirs active storage forecast for September 30 of
the current water year is greater than the quantity of
602 (a) storage determination for that date, water shall be
released annually from Lake Powell at a rate greater than
8.23 million acre-feet per year to the extent necessary

. . . to maintain, as nearly as practicable, active stor-
age in Lake Mead equal to the active storage in Lake
Powell." Furthermore, the annual release made for equal-
ization purposes " . . . will be made to the extent that

it can be passed through Glen Canyon Powerplant when oper-
ated at the available capability of the powerplant. Any
water thus retained in Lake Powell to avoid bypass of wa-
ter at the Glen Canyon Powerplant will be released through
Glen Canyon Powerplant as soon as practicable to equalize
the active storage in Lake Powell and Lake Mead."

The CRSM simulates the reservoir equalizing criteria with
the following steps. First, the model computes the quan-
tity of 602(a) storage required by the criteria. Details
of this computation are described in section 8.2.4. Next,
the model predicts the EOWY contents of Lake Powell, Lake
Mead, and the sum of Upper Basin reservoirs. Details of
how the EOWY contents are predicted are described in sec-
tion 8.2.3. Next, the model makes two checks to see if
the reservoirs should be equalized. If the sum of Upper
Basin reservoir contents are greater than the 602(a) stor-
age quantity, and if the predicted EOWY contents of Lake
Powell are greater than the predicted EOWY contents of
Lake Mead, then the active contents of Lake Powell and
Lake Mead are equalized.

The volume of water required to be released from Lake
Powell for equalization is computed each month from
January through September by taking half of the difference
between the predicted EOWY contents of Lake Powell and
Lake Mead and dividing by the number of months remaining
through September. This procedure spreads the additional
releases for equalization out over the water year and
closely equalizes the two reservoirs by September 30.
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Since the predicted EOWY contents in any given month are
only projections, the equalization releases will not ex-
actly balance the reservoirs.

Several constraints in the model can alter the amount of
additional release computed as described above. If the
additional release would cause the total Upper Basin stor-
age to drop below the 602(a) storage quantity, then the
amount of additional release is reduced to prevent this
from happening. Likewise, the additional release is re-
duced if it would cause Lake Mead contents to exceed Lake
Mead live capacity below exclusive flood control space.

The total release from Lake Powell is constrained by the
maximum release specified in the CRSM control file. For
Lake Powell, the maximum release is normally set to
powerplant capacity. This will constrain the additional
release for equalization to the amount that can go
through the Glen Canyon Powerplant. If the additional re-
lease is reduced because of the maximum powerplant capac-
ity 1limitation, a greater amount will be released for
equalization in subsequent months since the reservoirs
will be further out of balance, unless of course the
maximum release is also reached each subsequent month in
the water year.

A different than normal pattern will develop if additional
releases are being made for equalization and then the
spring runoff is significantly less than the runoff used
to predict the EOWY contents. In this case, in the month
when the predicted EOWY contents of Lake Powell drops be-
low the predicted EOWY contents of Lake Mead, the model
will reduce the monthly releases from Lake Powell to less
than the monthly objective minimum releases in order to
not exceed the annual objective minimum release. What
this means is that in order to meet the annual objective
minimum release, if the spring runoff was lower than ex-
pected and the releases early in the year were therefore
greater than needed, then the releases later in the year
will be less than that which would normally be needed to
meet the objective minimum.

8.2.3 Predicting EOWY Contents

Section 8.2.2 discusses the provision of equalization of
the active contents of Lakes Powell and Mead by the end of
the water year. In order to satisfy this provision, it
is necessary to predict the EOWY contents of Lakes Powell
and Mead, and the EOWY contents of the Upper Basin reser-
voirs. These predictions begin in January and are made
each month through the end of the water year. Note that
since the model is a monthly model, EOWY contents are the
same as September contents.
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Lake Powell EOWY contents are computed each month by tak-
ing the current contents, adding estimated inflow, and
subtracting the assumed release, estimate of evaporation,
and change in bank storage. Lake Powell inflow is esti-
mated by taking the remaining monthly inflows from the
hydrology record and applying a forecast error term com-
posed of both random and deterministic components. The
model assumes that the Lake Powell releases for the re-
mainder - of the water year will follow the objective
minimum release schedule.

Lake Mead EOWY contents are computed each month by taking
the current contents, adding the Powell release (Mead in-
flow), and subtracting the Mead release, estimate of
evaporation, and change in bank storage. The model com-
putes Lake Mead releases for the remainder of the water
year based upon downstream demands including any sched-
uled surplus releases.

Total Upper Basin predicted contents are computed by add-
ing the current contents of Flaming Gorge, Blue Mesa, and
Navajo Reservoirs to the predicted EOWY contents of Lake
Powell.

8.2.4 602(a) Storage

Section 602(a) of Public Law 90-537 contains provisions
for the storage of water in reservoirs of the Colorado
River Storage Project and for release of water from Lake
Powell. Generally, section 602(a) provides that water not
required to be released from Lake Powell as part of the
annual objective minimum release shall be stored to assure
future deliveries to the Lower Basin without impairing

annual consumptive uses in the Upper Basin. It further

provides that water not required to be stored for this
purpose shall be released from Lake Powell to either main-
tain, as nearly as practicable, active storage in Lake
Mead equal to the active storage in Lake Powell, or to
avoid anticipated spills from Lake Powell. The term
"602(a) storage" refers to the quantity of water required
to be in storage in the Upper Basin so as to assure future
deliveries to the Lower Basin without impairing annual
consumptive uses in the Upper Basin.

The CRSM, 1in determining 602(a) storage, considers all
relevant factors including, but not limited to, (1) his-
toric streamflows, (2) the most critical period of
record, and (3) probabilities of water supply. The compu-
tation of 602(a) storage is dependent on four variables
specified in the CRSM control file. There are no values
"hardwired" into the model. These four variables are:

1. Length of critical period,
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2. Average annual natural flow at Lees Ferry for the
critical period,

3. Percent shortage to be applied to Upper Basin sched-
uled depletions for the purpose of computing 602(a)
storage, if any,

4. Amount of power pool to be preserved in Upper Basin
reservoirs, if any.

The CRSM computes a value of 602(a) storage at the begin-
ning of each calendar year. 602(a) storage is computed by
taking the scheduled Upper Basin depletions for the next
"n" years (where "n" is equal to the length of critical
period), reducing the depletions by the percent shortage,
adding the objective minimum release for the next "n"
years, subtracting the natural flow at Lees Ferry for the
critical period, and adding the amount of minimum power
pool to be preserved in the Upper Basin reservoirs.

Note that the method of determining 602(a) storage de-
scribed here is used for simulation only and is not in-
tended to be a formal determination of 602(a) storage as

required by the (Criteria for ILong-Range Operation of
Colorado River Reservoirs.

8.3 Releases from Lake Mead

Releases from Lake Mead are initially scheduled by taking
the scheduled consumptive use downstream of Hoover Dam,
adding any additional volume of water required to meet
reservoir target storage levels for Lake Mohave and Lake
Havasu, and subtracting the net volume of gains and losses
for the month for all reaches of the system downstream of
Hoover Dam.

Releases in excess of the initial release schedule can be
caused by either (1) Lake Mead exceeding maximum capacity
or target storage levels, (2) releases dictated by the
surplus strateqgy, if used, whereby excess releases are
scheduled to avoid spills, or (3) releases dictated by
flood control requirements. The initial release schedule
can be reduced due to shortage conditions, which are de-
scribed in section 8.5. The surplus strategy is dis-
cussed in section 8.4 and flood control requirements are
discussed in section 8.3.1.
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8.3.1 Flood Control

The CRSM simulates the flood control operation of Lake
Mead in accordance with the regulations published in Ex-
hibit A of the Water Control Manual for Flood Control

(December 1982). These requlations are also described in
Appendix F of the report Review of Flood Control Requla-
tion - Colorado River Basin - Hoover Dam (July 1982). Both
reports are written by the United States Army Corps of En-
gineers, Los Angeles District. The data values described
throughout this section are taken from these reports and
are normally used in CRSS simulations. However, the values
are part of the CRSM input data and can be readily
changed to investigate or evaluate alternative flood con-
trol plans.

There are three different flood control procedures in ef-
fect during different times of the year. The first pro-
cedure is used during the runoff forecast season, January
through July. This is the period from the earliest reli-
able runoff forecast to the conclusion of the snowmelt
runoff. The objective during this period is to route the
forecasted maximum inflow through the reservoir system
using specific rates of Hoover Dam discharge, so that the
reservoir system is full by the end of July.

The second flood control procedure is used during the
space-building or drawdown season, August through Decem-
ber. The objective during this period is to gradually
draw down the reservoir system to create space for the
next spring's snowmelt runoff.

The third flood control procedure is in effect all year.
The objective of this procedure is to maintain a minimum
space of 1.5 million acre-feet in Lake Mead for rain
floods.

Forecast Season

The first flood control procedure is used each month dur-
ing the forecast season, January through July. For each
month of the forecast season, the flood control regula-
tions contain a table that gives the minimum average re-
lease in cubic feet per second based on the maximum fore-
cast, the available space in Lake Mead (below elevation
1229), and the available space in Lake Powell (below el-
evation 3700). To determine the minimum average flood
control release from Lake Mead each month, the CRSM uses
the same iterative procedure that was used to develop the
minimum average release tables in the flood control
regulations.

The first step in the iterative procedure is to compute a
value of minimum average release using a mass balance
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equation that considers the forecasted inflow, available
space, losses, and an assumed Mead release for the remain-
der of the forecast season. The computation consists of
taking the available space in Lakes Powell and Mead, sub-
tracting the exclusive flood control space (1.5 million
acre-feet), adding losses from Lakes Powell and Mead, sub-
tracting the maximum forecasted inflow, and adding the
discharge from Lake Mead for the remainder of the fore-
cast season at an assumed level 1 discharge rate (see be-
low). Losses consist of evaporation and changes in bank
storage at Lakes Powell and Mead, and depletions from Lake
Mead. The maximum forecast value used in the computation
is described in section 7.1.

The levels of discharge specified in the flood control
regulations and used by CRSM are the following:

Level 1 = 19,000 ftg/s Parker Powerplant capacity
Level 2 = 28,000 ft3/s Nondamaging release limit
Level 3 = 35,000 ft7/s Approx. Hoover Powerplant
3 capacity
Level 4 = 40,000 ft3/s Historic floodway
Level 5 = 73,000 ft7 /s Hoover controlled discharge
capacity

The minimum average release computed in step 1 is next
compared to the assumed discharge level. If the computed
release is greater than the assumed discharge level used
in the computation, then the procedure is repeated by re-
computing the minimum average release using the next
higher discharge level in the computation. When the it-
eration procedure is complete, i.e., the computed release
is 1less than or equal to the discharge level used in the
computation, then one final check is made. If the com-
puted release is 1less than the discharge at the next
smaller level than the that used in the final computation,
then the minimum average release is set equal to the dis-
charge at the next smaller level.

The release computed by this flood control procedure is
the minimum average release for the month. If any other
criteria call for a larger release during a given month,
like downstream demands, then the larger amount will be
released. The CRSM, however, will never decrease the re-
leases from Mead less than the minimum average release
computed by this procedure. This procedure is in effect
in January through July, the forecast season.

Drawdown Season

The second flood control procedure is used in the drawdown
season, August through December. The flood control

69



regulations specify monthly minimum vacant space
requirements for Lake Mead that are intended to provide a
gradual drawdown of the reservoir systemn. These values,

which are used by the CRSM, are as follows:

August 1 - 1.50 million acre-feet
September 1 - 2.27 million acre-feet
October 1 - 3.04 million acre-feet

November 1 - 3.81 million acre-feet
December 1 4.58 million acre-feet
January 1 5.35 million acre-feet

The regulations specify maximum amounts of space in Lake
Powell, Flaming Gorge, Blue Mesa, and Navajo Reservoirs
that can be credited towards the Lake Mead space regquire-
ment. These values are respectively 3,850,000; 1,507,200;
748,500; and 1,036,100 acre-feet. 1In the CRSM, the op-
eration of the Upper Basin reservoirs is determined before
the operation of Lake Mead. Therefore, the model knows
what the vacant space in these reservoirs will be at the
end of the month and can use these values to determine
Lake Mead flood control operations.

The required space in Lake Mead is obtained in the model
each month by setting the target storage contents for the
month to the level that will provide the required space.
The release for flood control space-building is then de-
termined so that the reservoir will reach the target
storage level. The model, however, constrains the gelease
during the space-building season to 28,000 ft /s as
specified in the flood control regulations. As in the
January to July period, the release may be increased over
that which is required for spacebuilding by other criteria
such as downstream demands.

Exclusive Space Requirements

The third flood control procedure is used all year. The
flood control regulations specify a minimum space of 1.5
million acre-feet in Lake Mead at any time for control of
rain floods. Since the CRSM is a monthly model, the model
can only deal with this requirement on a monthly basis.
Target content levels are set to maintain the required
minimum space. The model will force releases to maintain
this minimum space on a monthly basis.

Distribution of Excess Releases
Releases from Lake Mead due to flood control that are in
excess of normal downstream demands or scheduled surplus

deliveries are distributed by the CRSM each month as fol-
lows. Excess releases are divided equally between CAP and
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MWD. If either aqueduct reaches its maximum capacity and
there is excess release remaining, the other aqueduct can
take the remaining excess, up to its maximum capacity.
After both aqueducts reach their maximum capacities, any
remaining excess flows to Mexico. In the years before
CAP can take a surplus (specified in the input file), MWD
can take all excess releases up to its maximum capacity.

8.4 S8Surplus Strategy

The surplus strategy is the decisionmaking process used to
(1) anticipate spring runoff in excess or surplus of nor-
mal demands and storage space, and to (2) distribute this
surplus water to users throughout the water year to pre-
vent spills.

The CRSM has a surplus strategy that varies in the degree
of assurance of being able to anticipate and distribute
surplus water without having to make flood control re-
leases. The amount of assurance, referred to as the as-
surance level, is input to the model as a probability and
serves as the identification of the strategy chosen. For
example, an assurance level of 0.95 schedules appropriate
surplus releases from Lakes Powell and Mead and distrib-
utes them throughout the water year to assure that
unscheduled releases for flood control will only be ex-
pected in approximately 5 percent of the years of op-
eration.

The surplus strategy in the CRSM is optional. The strat-
egy can be turned off by simply setting the assurance

level to zero. If this is done, the CRSM does not sched-
ule any surplus releases from Lakes Powell and Mead in ad-
vance. Any surplus releases that occur are due to

monthly reservoir operations like flood control, or the
contents of Lakes Powell or Mead exceeding their maximum
capacities.

Annual surplus releases from Lakes Powell and Mead, and
most of the distribution of these releases, are computed
at the beginning of each water year (October). The annual
surplus release is divided into three categories. Cat-
egory I is surplus water for CAP and MWD and consists of
as much surplus as is available up to their maximum ca-

pacities. Category 1II is surplus water for Mexico and
consists of any remaining surplus up to 200,000
acre-feet. Category III is surplus used for power gen-

eration operational flexibility and consists of any re-
maining surplus. Category III surplus water flows to
Mexico.

Category I annual surplus is distributed to CAP and MWD on
a monthly basis, proportioned to each aqueduct by the ra-
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tio of the monthly capacity available in the aqueduct to
the annual capacity available in the aqueduct under a nor-
mal demand schedule. Category II annual surplus to
Mexico is distributed on a monthly basis using the same
monthly distribution as the normal Mexican demand sched-
ule. Category III annual surplus to Mexico (for power
generation operational flexibility) in October through
March is distributed according to a generally observed
historical Mead release pattern. 1In April through Septem-
ber, no Category III surplus releases are scheduled.

Categories I and II surplus releases are committed to be
delivered throughout the water year regardless of the ac-
tual runoff. Half of Category III and Lake Powell sur-
plus releases are committed to be delivered throughout the
first 6 months of the water year. The remaining half of
Category III and Lake Powell surplus releases are not com-
mitted in order to provide some operational flexibility
in case the actual runoff is not as great as the inflow
used in the surplus release computations. All surplus
releases and deliveries that have been committed by the
surplus strategy are added into the normal release and de-
livery schedules are processed by the model as the normal
releases and deliveries are processed.

The annual surplus release from Lake Mead is based on cur-
rent storage levels of Lakes Powell and Mead, target stor-
age levels of Lakes Powell and Mead, Upper and Lower Basin
scheduled depletions, and an assumed inflow to Lake Mead.
This assumed inflow is equal to the inflow from the nor-
mally distributed natural flow record for Lees Ferry that
would occur at a probability level equal to the assurance
level specified for the surplus strategy. The annual sur-
plus release may be constrained by Lower Basin powerplant
capacity and other limitations.

An EOWY target storage level is computed for Lake Powell
based on Lake Mead surplus releases, current storage lev-
els of Lakes Powell and Mead, Upper and Lower Basin sched-
uled depletions, and the mean annual natural flow at Lees
Ferry. In order to assure that 602(a) requirements are met
during surplus operations, this EOWY target Powell storage
plus the current storage of the other Upper Basin reser-
voirs 1is checked against a value equal to 602(a) storage
plus a buffer amount. The buffer amount is usually equal
to the difference between the mean and lower decile annual
natural flow at Lees Ferry although a different percentile
could be specified in the input data.

The annual surplus release from Lake Powell is based on
the EOWY target storage level for Lake Powell, the current
storage level of Lake Powell, Upper Basin depletions, the
mean annual natural flow at Lees Ferry, and the assumed
minimum annual objective release.

72



Il N BN I I Bl B B B D B B B B BN =

A detailed description of the surplus strategy is given in
the Bureau of Reclamation report "Colorado River Alterna-
tive Operating Strategies for Distributing Surplus Water
and Avoiding Spills."

8.5 S8hortage Strategy

The shortage strategy is the decisionmaking process within
the CRSM by which water delivery to certain demands in the
Lower Basin is curtailed in order to conserve water in
Lake Mead to assure future supplies for higher priority
users, or to maintain sufficient head for power gen-
eration. The shortage strategy has its legal foundation
in the Supreme Court Decree in Arizona vs. California,
the Colorado River Basin Project Act (Public Law 90-537),
and the Mexican Water Treaty.

A sequence of dry years will cause Lake Mead to be drawn
down to satisfy water demands in the Lower Basin States
and Mexico. If the Lake Powell annual release equals the
objective minimum release of 8.23 million acre-feet per
year, Lake Mead will be drawn down approximately 1 mil-

lion acre-feet per year. Should a series of dry years be
long enough, eventually Lake Mead would fall below
critical operating levels, or even go dry. Such extreme

drawdown could be considered contrary to the Supreme
Court Decree and Public Law 90-537 which require that con-
sideration be given to holders of higher priority water
rights in the Lower Basin States, at the expense of those
with lesser priority (primarily CAP and SNWP).

There are three levels of shortages imposed by the CRSM.
The elevation of Lake Mead is checked, and levels of
shortages are imposed, if necessary, in January of each
year. Any shortages that are imposed remain in effect
for 1 year. Level 1 shortages are triggered by an eleva-
tion specified in the CRSM control file and referred to as
the shortage flag elevation. Level 2 shortages are trig-
gered by an elevation specified in the CRSM control file
and referred to as the minimum Mead elevation. Level 3
shortages are imposed if the previous two levels of short-
ages are not sufficient to keep Lake Mead above the
minimum Mead elevation.

Level 1 shortages consist of shortages to Arizona and Ne-
vada and are borne by CAP and SNWP, respectively.
Arizona's shortage is equal to the difference between
CAP's normal diversion and the shortage diversion for CAP
specified in the input data. Currently, a shortage diver-
sion to CAP of 450,000 acre-feet per year is often used,
however this value is variable. Nevada's shortage is
equal to 4 percent of the shortage imposed on Arizona.
Four percent is the ratio of Nevada's normal delivery to
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the total 7.5 MAF allocated to the Lower Basin States.

Level 2 shortages are based on a volume of deflclency
which 1is equal to the volume of Lake Mead at the minimum
Mead elevation minus the volume Lake Mead will be at af-
ter 1level 1 shortages are imposed for a year. Level 2
shortages consist of further shortages to CAP and SNWP.
SNWP's shortage is equal to 4 percent of the deficiency.
CAP's shortage is equal to the remaining deficiency, or
the amount that sets CAP's diversion to zero, whichever
is less.

Level 3 shortages are imposed if any deficiency remains
after 1level 2 shortages are imposed. Level 3 shortages
consist of shorting Mexico proportionately to the short-
ages imposed on United States users. To compute the
shortage to Mexico, Mexico's normal delivery is multi-
plied by the ratio of U.S. reductions divided by U.S. nor-
mal deliveries.

The monthly distributions of the annual shortages are de-
termined as follows. The monthly shortage to SNWP is
equal to the annual shortage to SNWP proportioned by the
ratio of the normal monthly consumptive use of SNWP to the
normal annual consumptlve use of SNWP. The monthly
shortage to CAP is equal to the normal delivery for the
month minus the level 1 shortage delivery for the month
specified in the input data, plus level 2 annual shortages
proportioned by the ratio of the level 1 shortage delivery
for the month to the level 1 shortage delivery for the
year. Monthly shortage to Mexico is equal to the annual
shortage to Mexico proportioned by the ratio of the normal
monthly delivery to Mexico to the annual delivery to
Mexico.

The input data that affect the shortage strategy, namely
the shortage flag elevation, minimum Mead elevation, and
CAP annual and monthly level 1 shortage diversions, can
be readily changed in the CRSM control file. Also, the
entire shortage strategy can be bypassed during a CRSM
run if desired.

74



9. Power Generation
9.1 General

The CRSM computes monthly electrical power generation and
energy generation for Fontenelle, Flaming Gorge, Blue
Mesa, Morrow Point, Crystal, Glen Canyon, Hoover, Davis,
and Parker powerplants. Power generation is computed in
units of kilowatts and energy generation is computed in
units of kilowatt hours.

An iteration procedure is necessary to determine the dis-
charge through a powerplant. The iteration procedure be-
gins with the quantity of discharge that would occur op-
erating at maximum horsepower. The discharge is used to
compute tailwater elevation, which is subtracted from the
reservoir elevation to obtain gross head, which in turn is
used to compute a value of actual discharge. The new
discharge is compared wyith the old discharge and, if they
differ more than 5 ft” /s, the computations are repeated
starting with the new discharge. When the iteration pro-
cess is complete, the horsepower produced by the
powerplant is computed as a function of the gross head.
The total kilowatts produced is then determined from this
horsepower. The iteration procedure is further described
in section 9.2.

The method used to determine the number of hours of power
production and subsequently the amount of energy produced
in kilowatt hours is different for the Upper and Lower
Basins. The Upper Basin computations assume the
powerplant is operating at maximum horsepower at all
times. Lower Basin computations assume two levels of
power generation, the first level at maximum horsepower,
called peak power generation, and the second level at an
off-peak or base level of power generation. The
powerplant discharges corresponding to the base level of
power generation are specified in the CRSM control file.

9.2 Modeling Procedure

The first step in the power generation modeling procedure
is to determine whether the gross head is greater than the
minimum rated head. For this initial check, the gross
head is computed from the average reservoir release for
the month. If the gross head is less than the minimum
rated head specified in the CRSM control file, no power is
produced for the month. If the gross head is greater
than the minimum rated head, then power generction is com-
puted using the steps below.

In the power computations, discharge is computed as a
function of gross head using a third-degree polynomial
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equation. Horsepower is similarly computed from gross
head. Tailwater elevation is computed from discharge us-
ing a third-degree polynomial equation for all dams ex-
cept Hoover. Tailwater elevation at Hoover Dam is com-
puted as a function of Lake Mohave's water surface
elevation and Hoover Dam's discharge.

The first set of computations determines the discharge
when operating at maximum horsepower. The generator ca-
pacity in kilowatts is computed from the product of the
generator rating, power factor, and percent overload.
This capacity is divided by the generator efficiency at
maximum horsepower to determine the maximum horsepower
that can be produced by one generator. The gross head
required for maximum horsepower is computed as a function
of the maximum horsepower. Next, the turbine discharge at
maximum horsepower is determined as a function of this
gross head. The iteration procedure begins here.

The first step in the iteration procedure is to compute
tailwater elevation from the powerplant discharge at
maximum horsepower. Gross head is then computed by tak-
ing the average of the beginning and end of month reser-
voir elevations and subtracting the tailwater elevation.
A new value of turbine discharge is then computed as a
function of the gross head. If the gross head is greater
than the maximum rated head specified in the CRSM control
file, then the maximum rated head is used to compute the
new turbine discharge.

The new turbine discharge is compared to the initia tur-
bine discharge. If the discharges are within 5 ft”/s of
each other, the iteration is complete and the final com-
putations are perforged. If the difference in discharges
is greater than 5 ft”/s, then the iteration procedure is
repeated using the new discharge as the initial discharge.

When the iteration process is complete, the final gross
head that was computed is used to compute the horsepower
produced by one generator. This horsepower is then con-
verted to power in kilowatts, also known as generator ca-
pacity. The generator capacity is then multiplied by the
number of generating units to determine the powerplant ca-
pacity for the month. The turbine discharge is also mul-
tiplied by the number of generating units to determine the
powerplant discharge, in cubic feet per second.

The method of computing the number of hours of generation
and subsequently kilowatt hours of energy depends on the

powerplant. The model assumes that Upper Basin
powerplants operate at one level of generation and dis-
charge. Hours of generation at Upper Basin powerplants

are computed by dividing the total reservoir release
through the powerplant for the month in acre-feet by the
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powerplant discharge in cubic feet per second, and apply-
ing the proper conversion factors to convert to hours.
The number of hours is then multiplied by the powerplant
capacity (kilo-watts produced) to obtain the energy pro-
duced for the month in kilowatt hours.

The model assumes that Lower Basin powerplants are oper-
ated at two levels of generation and discharge. This is
an effort to simulate actual operations at Lower Basin
powerplants where frequently a unit is only partially
loaded and therefore operating at less than maximum ef-
ficiency. The lower level of discharge, called base flow,
produces 60, 16, or 8 megawatts of power at Hoover,
Davis, and Parker powerplants, respectively. The upper
level of discharge, called peak flow, corresponds to the
discharge computed earlier by the discharge iteration pro-
cedure.

The monthly release in acre-feet at base flow is computed
by applying the specified base flow over the entire
month. The monthly release in acre-feet at peak flow is
computed by subtracting the monthly release at base flow
from the reservoir release through the powerplant for the
month. The number of hours of generation at peak flows
is then computed by dividing the monthly release in
acre-feet at peak flow by the difference between peak flow
discharge and base flow discharge, and applying the proper
conversion factors to convert to hours.

The number of hours of generation at base flow is com-
puted as the difference between the number of hours in the
month and the number of hours of generation at peak flow.
If the monthly release from the reservoir in cubic feet
per second is greater than the peak discharge, then the
number of hours of generation at base flow is set to
zZero. The number. of hours of generation at each flow
level is multiplied by the powerplant capacity at each
level and added together to obtain the total energy pro-
duced for the month in kilowatt hours.
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10. 8alinity
10.1 General

Salinity is the only water quality parameter modeled by
the CRSS. Salinity is modeled as total dissolved solids;
precipitation and ion exchange are not modeled. Salinity
is computed by the CRSM at each point in the system as
concentration in the river, in units of mg/L. (The CRSS
assumes mg/L and parts per million are equivalent.) The
concentration in the river can increase, decrease, or re-
main constant at each point depending on whether salt is
being added or removed, whether water is being added or
removed, and on the concentration of the inflow or diver-
sion.

The salt 1loads from natural point or natural diffuse
sources of salinity are included in the natural salt val-
ues in the hydrology input data. These salt loads, there-
fore, enter the system at CRSS inflow points.

10.2 Concentration in the River

The concentration in the river at an inflow point in-
creases if the concentration of the inflow is greater than
the concentration in the river. The concentration in the
river decreases if the concentration of the inflow is
less than the concentration in the river. The concentra-
tion of the inflow is computed from the natural salt load
in the hydrology input data file.

The concentration in the river at a diversion point nor-
mally does not change. With the exception of special ex-
ports, diversions are made at the same concentration as
the concentration in the river, which, therefore, does not
change the concentration in the river. A special export
diverts water at the concentration specified in the de-
mand data input file. This allows special exports to di-
vert water at a concentration that is different than the
concentration in the river, if the export is actually di-
verted farther upstream than the CRSM models. The concen-
tration in the river increases if the concentration of the
special export is less than the concentration in the
river.

The concentration in the river at a return flow point in-
creases if the concentration of the return flow is greater
than the concentration in the river. The concentration in
the river decreases if the concentration of th= return
flow 1is 1less than the concentration in the river. The
concentration of the return flow is firstly dependent on
the amount of diversion that is depleted. All salt that
is diverted from the river is returned in the return flow,
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therefore, the greater the depletion, the greater the con-
centration of the return flow. The concentration of the
return flow is also dependent on any salt pickup
specified in the demand data input file. An irrigation
project which is leaching salts, for example, will have a
positive salt pickup and a water quality improvement
project will have a negative salt pickup. A positive salt
pickup will increase the concentration of the return flow
and a negative salt pickup will decrease the concentration
of the return flow.

The concentration in the river at a reservoir is the con-
centration of the release. The concentration in the river
increases if the concentration of the reservoir inflow is
greater than the concentration of the reservoir. The con-
centration in the river decreases if the concentration of
the reservoir inflow is less than the concentration of
the reservoir. The concentration in the river is further
altered by the movement of water in and out of bank stor-
age and by evaporation. The evaporation of water is a
loss of water with no loss of salt.

Figure 10.1 shows an example of the salt routing process.
At a diversion point, concentration in the river is com-
puted by taking the current flow in the river multiplied
by the current concentration in the river, subtracting the
flow in the diversion multiplied by the concentration of
the diversion, and dividing by the new flow in the river.
The concentration in the river at an inflow point is com-
puted similarly except the terms are added instead of
subtracted. The concentration of a return flow is equal
to the concentration of the diversion multiplied by  the
ratio of the diversion flow to the return flow.

10.3 Reservoir Mixing

The CRSM assumes that the reservoirs are of uniform salin-
ity, and completely mixed at all times. While this is not
completely accurate, the difference between this assump-
tion and correlating inflow to outflow through a 1lag
function is small. This was verified as applicable to
Lake Mead on a monthly basis by Dr. John Hendrick in his
Ph.D. dissertation (1973), Colorado State University.

The concentration in a reservoir is based on the volume of
the inflow, the volume of the release, the concentration
of the inflow, and the concentration in the reservoir at
the beginning of each month. The model has an algorithm
which determines the concentration of the reservoir re-
lease by weighting the current month's and previous
month's reservoir concentrations. This release quality is
equivalent to that which would occur from a constantly
mixed reservoir with a uniform inflow rate.
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Figure 10.1 Example of Salt Routing
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Any flows to bank storage occur at the monthly reservoir
concentration. These flows are mixed into a bank storage
"tank." When reservoir levels decrease, flows come out of
bank storage at the average concentration of the bank
storage "tank."

A diversion from a reservoir is made at the same concen-
tration as the concentration in the reservoir.

10.4 Flow-Weighted Averages

Salinities at specific locations are often output from the
CRSS as flow-weighted averages. A flow-weighted average
is an annual average equal to the sum of tons of salt for
each month divided by the sum of the monthly flows. This
is in contrast to a time-weighted average, which is the
average of each month's concentration. The existing stan-
dards in the Colorado River Basin are flow-weighted, and
flow-weighting gives a better representation of the over-
all salt load at a station, especially one which has un-
dergone upstream regulation.
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11. Miscellaneous Discussions
11.1 Trended Demands

Demands in the CRSS, i.e. withdrawals and depletions, may
be "untrended" or they may be "trended." Untrended demands
are held constant from year to year; trended demands vary
over time. Trended demands are either linearly trended or
stepped.

Linearly trended demands are those in which the annual de-
mand increases or decreases by a uniform amount each
year, until a specified quantity is reached in a spe01f1ed
year. An example of such a demand would be a 1arge irri-
gation project in which the rate of development is falrly
uniform over a number of years until full development is
reached.

Stepped demands are those in which the demand remains con-
stant for a number of years until it is "stepped" up or
down by a specified amount in a specified year. An ex-
ample of such a demand would be a large thermal powerplant
in which each unit would consume a relatively large block
of water, and several years would be required to bring ad-
ditional units on-line.

Demands can be a combination of linearly trended, stepped,
and untrended. For example, a demand could follow a pat-
tern such as this:

Withdrawal Change

Year amount Demand type each year
1985 20,000

> Linearly trended +1,000
1990 25,000

> Linearly trended +2,000
1995 35,000

> Linearly trended +1,000
2000 40,000

> Stepped (in year 2010) 0
2010 50,000

> Stepped (in year 2020) 0
2020 60,000

> Untrended 0]
2040 60,000

Demands are specified in the demand data base as being ei-
ther 1linearly trended or stepped. When the demand data
generation program (SMDID) creates the demand data input
file to the CRSM, it converts all demands to 1linearly
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trended demands. Stepped and untrended demands become
linearly trended demands with zero slopes, which means
they have a uniform change from year to year of zero.

11.2 Rule Curves

Each reservoir has a set of 12 monthly target storage
levels that make up what is known as a rule curve. Each
month, releases from a reservoir are initially computed to
bring the reservoir's contents to the target storage level
specified by its rule curve. If the reservoir's contents
are below its rule curve, then the release is initially
set to the reservoir's minimum monthly release. If the
reservoir's contents are above its rule curve, then the
release 1is initially set to the amount needed to reduce
the contents to the target storage level. The release is
then adjusted, if necessary, to meet downstream demands,
release constraints, storage constraints, or other operat-
ing requirements.

Target storage values are obtained or computed in differ-
ent manners, depending on the reservoir. Initially, tar-
get storage values for all reservoirs are read from the
CRSM control file, however, the target storage values of
several of the reservoirs are modified as the modeling run
progresses. The target storage values for Blue Mesa, Mor-
row Point, Crystal, Flaming Gorge, and Navajo are
modified each month depending upon the elevation of Lake
Powell. The target storage values for Lake Mead are
modified in August through December for flood control.

The target storage values for Blue Mesa, Flaming Gorge,
and Navajo are determined from specified target spaces if
Lake Powell is above its rated power generation head (el-
evation 3570). The target spaces for months August
through December are specified in the model. The target
spaces for months January through July are computed using
a simulated forecast procedure which varies the target
space as a function of upcoming runoff. This produces a
greater drawdown in wet years and a lesser drawdown in dry
years, which simulates what is done in actual practice.

The rule curves of the Upper Basin Reservoirs are adjusted
as follows. If Lake Powell is above turbine overload el-
evation (3690), then the target storage values for Flaming
Gorge, Blue Mesa, and Navajo are set to live capacity mi-
nus target space. The target storage values for Morrow
Point and Crystal are set to live capacity.

If Lake Powell is between turbine overload elevation and
rated power generation head, then the target storage value
for Flaming Gorge is set to the greater of its own rated
power generation head contents or a computed percentage of
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its maximum content. This percentage is computed by divid-
ing the current total Upper Basin contents by the total
Upper Basin storage capacity. The target storage values
for Blue Mesa and Navajo are set to live capacity minus
target space and the target storage values for Morrow
Point and Crystal are set to live capacity.

If Lake Powell is between rated power generation head and
minimum power pool (elevation 3490), then the target stor-
age values for Blue Mesa, Flaming Gorge, and Navajo are
set to the greater of their own rated power generation
head contents or the computed percentage of their maximum
content. This procedure tends to keep these reservoirs
near the same percentage of full content when Lake Powell
is below its rated power generation head. The target stor-
age values for Morrow Point and Crystal are set to 1live
capacity.

As Lake Powell approaches its minimum power pool, the tar-
get storage values for the Upper Basin reservoirs are set
to their minimum power pool contents or minimum operating
levels (Navajo). This causes the reservoirs to evacuate
storage at their maximum powerplant capacity, tends to
keep Glen Canyon powerplant on-line longer, and allows all
of the Upper Basin reservoirs to reach their minimum oper-
ating levels together.

The target storage values for Lake Mead in January through
July are the values that were read from the CRSM control
file. The target storage values for Lake Mead in August
through December are the target contents needed to obtain
required flood control space in Lake Mead. The target
values are computed by taking the maximum capacity of Lake
Mead, subtracting the required flood control space, and
adding creditable flood control space in the Upper Basin
reservoirs.

11.3 S8hortages

The CRSM computes the amount of shortage that occurs at
each diversion point, if there is not sufficient water in
the river to satisfy the demand. The model "allows" a
certain amount of shortage to occur before a shortage mes-
sage is printed. This allowable shortage is only valid
with respect to the printing of shortage messages and has
no affect on the amount of water a demand receives during
a shortage condition. The allowable shortage for message
printing is specified in the demand data base for each de-
mand.

There are two parts of the model that can impart some type

of shortage. In the determination of the 602{a) storage
quantity, a shortage factor can be applied to Upper Basin
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depletions if a shortage value is specified in the CRSM
control file (see section 8.2.4). Second, the shortage
strategy in the model imposes specific shortages on cer-
tain Lower Basin users during shortage conditions (see
section 8.5).

Shortages can occur at some diversion points in the model
that might not occur in actuality. This can happen at di-
version points high in the basin that receive their water
from small tributary or offstream reservoirs that are not
modeled by the CRSM. (Although the operation of these
small reservoirs is not directly modeled, they are used in
the derivation of CRSS natural flows.) In the CRSM, these
demands get their water directly from the river. If the
river runs dry in months of low flow, these demands will
incur shortages that might not occur in actuality if there
was water available in the small supply reservoirs.

11.4 Bank Storage

The CRSM models reservoir bank storage as a function of
reservoir surface storage. Change in bank storage is sim-
ply computed as a percentage of the change in reservoir
contents for the month. The percentage used for each
reservoir is entered into the model from the CRSM control
file. The percentages currently being used have been de-
termined in various studies of historical data and are
given in appendix B.

11.5 Evaporation

The CRSM models reservoir evaporation as a function of
monthly evaporation rates and reservoir surface area. The
monthly evaporation rates are entered into the model from
the CRSM control file in units of feet. Reservoir
evaporation is computed each month by multiplying the
reservoir's current surface area by the evaporation rate
for that month. Annual evaporation rates are given in ap-
pendix B.

11.6 Capacity and Storage
Total capacity of a reservoir is defined as the maximum

capacity of the reservoir including any flood control or
surcharge capacity. Live capacity is that part of the

total capacity from which water can be withdrawn by grav-

ity. Dead storage is equal to total capacity minus 1live
capacity. Active capacity is the portion of live capacity
that is normally usable for storage and regulation of res-
ervoir inflows to meet established reservoir operating
requirements. Inactive capacity is equal to the differ-
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ence between live capacity and active capacity. Inactive
capacity, for example, might be equal to the volume of wa-
ter at minimum power pool. In this case, inactive capac-
ity would be equal to volume of water between minimum
power pool and top of dead storage.

The parameters in the CRSM that deal with monthly reser-
voir storage, specifically current reservoir contents and
area-capacity coefficients, deal with live capacity only.
These parameters do not include dead storage.

Area-capacity coefficients, 1live capacity, active capac-
ity, and dead storage are updated monthly by the CRSM to
account for sediment accumulation in the reservoirs, which
is discussed in section 11.6.2.

11.6.1 Area-Capacity Equations

The CRSM computes water surface elevations and surface ar-
eas from reservoir contents using a set of area-capacity
equations for each reservoir. The CRSM computes reservoir
elevation from reservoir contents by determining the root
of a second-degree polynomial equation, and computes sur-
face area from elevation by solving a first-degree poly-
nomial equation. The polynomial equation coefficients are
based on reservoir area-elevation data and are entered
into the model from the CRSM control file. The
area-capacity equations deal with live capacity of the
reservoir.

The area-capacity coefficients are updated monthly, during
a CRSM simulation, to account for increases in sediment.
Since a significant amount of sediment has deposited in
these reservoirs since their closure, the initial
area-capacity coefficients in the CRSM control file have
been updated to a 1984 condition.

11.6.2 Sedimentation

The CRSM models sediment accumulation in four of the
Colorado River system reservoirs: Flaming Gorge, Navajo,
Lake Powell, and Lake Mead. The model simulates the
deposition of sediment in these reservoirs by accumulating
on a monthly basis the amounts shown below. The monthly
volumes shown are for the total reservoir (live capacity +
dead storage).
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Monthly Sediment Accumulation (acre-feet)

Flaming Lake Lake

Gorge Navajo Powell Mead
January . 0 0 3,125 3,208
February o] 0 3,125 3,208
March 0 o 3,125 3,208
April 500 830 9,000 3,208
May 500 830 9,000 3,208
June 500 830 9,000 3,208
July 500 830 9,000 3,208
August 0 0 3,125 3,208
September 0 0 3,125 3,208
October 0] 0 3,125 3,208
November 0] 0 3,125 3,208
December 0 0 3,125 3,208
Total 2,000 3,320 61,000 38,500

These sediment volumes were estimated by averaging the re-
sults of the Lane and Koelzer unit weight method and the
Trask unit weight method over the 1944 through 1960 time
frame (reference: May 1962, Sedimentation Study, Glen Can-
yon Dam, CRSP). In order to simplify the sediment proce-
dure, the annual sediment volume is constant from year to
year, rather than being a function of annual inflow.

Area-capacity coefficients, 1live capacity, active capac-
ity, and dead storage are updated monthly by the CRSM to
account for sediment accumulation in the reservoirs. The
volume of sediment that accumulates in live capacity is
determined according to a Type II (Flood plain-Foothill)
sediment distribution as defined in Distribution of
Sediment in Large Reservoirs by Borland and Miller. Only
the portion of sediment that accumulates in live capacity
is used in updating the area-capacity coefficients.
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PART IV
VALIDATION






12. Comparison with Historical Data

A study was performed to compare historical flow and salt
data with flow and salt data generated by a CRSS simula-
tion. The purpose of the study was to verify accuracy of
the data and assumptions used in the CRSS, and to provide
insight into the areas of the data bases and simulation
model that might need improvement or adjustment.

12.1 Data and Procedures

The period chosen to compare historically recorded flow
and salt values with CRSS simulated flow and salt values
is 1968 to 1983. The advantages for choosing this period
are (1) all reservoirs modeled by the CRSS are op-
erational, (2) the available historic data is continuous,
and (3) the period is suff1c1ently long enough to span a
wide range of naturally occurring hydrologic events. The
main disadvantage is that this period includes the filling
of Lake Powell.

Historically recorded flow and salt data were taken from
the Colorado River OQuality of Water Progress Report.
Simulated flow and salt data were generated by the CRSM.
The  hydrology input data used in the simulation were the
natural flow and salt hydrology data base for the period
1968-1983. The 1981-1983 data were provisional at the
time of this study.

Depletions for the simulation were taken from the Colorado
River System Consumptive Uses and losses reports. The
1971 through 1980 annual values given in the reports were
averaged for the Upper and Lower Basins, and the average
values were entered into the CRSM as constant values over
the 1968-1983 period. Upper Basin depletlons were held
constant at 3,047,000 acre-feet and Lower Basin depletions
were held constant at 6,133,000 acre-feet. In addition
to the above depletions, 514,000 acre-feet of depletions
were scheduled for native vegetation and losses from the
Senator Wash Dam, Reservoir, and Pumping-generating facil-
ity; and 1,515,000 acre-feet of depletlons were scheduled
for dellvery to Mexico. Evaporatlon is not included in
the depletion schedule since it is accounted for by the
CRSM.

Bank storage computations at Lake Powell were modified to
more accurately reflect what occurred during the filling
period. Change in bank storage was modeled at a rate of
15 percent of the change in reservoir contents for
1968-1979, and at a rate of 8 percent for 1980-1983. The
bank storage rate modeled at Lake Mead was 6.5 percent.
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Initial reservoir contents were set equal to the contents
historically recorded on December 31, 1967. Initial res-
ervoir salt concentrations were set equal to the salt
concentrations historically recorded during December 1967,
in the river below each reservoir. No surplus strategy
was used during the CRSM simulation. In order to more ac-
curately simulate the historical release patterns caused
by day to day operations of the river system, the monthly
reservoir contents in the CRSS simulation were forced to
match the historically recorded end-of-month contents.

12.2 Results

Comparisons of flow and salt values are provided at five
locations. Results are presented in tabular and graphical
forms for each of the five locations. The tables provide
monthly values of historic flow, simulated flow, and the
difference between historic and simulated flow expressed
as a percentage of historic flow. Similar tables are pro-
vided for historic and simulated salt values.

Four types of graphs are provided: (1) a time series plot
of historic flow and simulated flow, (2) a time series
plot of the arithmetic difference between historic and
simulated flows, (3) a time series plot of the cumulative
arithmetic difference between historic and simulated
flows, and (4) a correlation diagram of historic flow
plotted against simulated flow. On the fourth graph, the
symbol used to identify 1968-1982 values is a square; the
symbol used to identify 1983 values is a triangle.

Results show that simulated values are very close to the
historic values with flow generally simulated better than
salt. Results are summarized in the following table.

Percent difference of 16-year
averages (simulated - historic)

Station Flow Salt
Colorado River near Cisco, UT 0.15 4.45
Green River at Green River, UT -1.61 -1.78
Colorado River at Lees Ferry, AZ -0.67 3.08
Colorado River below Hoover Dam -1.62 -3.15
Colorado River at Imperial Dam -4.42 -5.28
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As seen in the table, the CRSM generally yields values of
flow and salt that are lower than historical data, espe-
cially at the 1lower end of the basin, but that are well
within acceptable limits.

It was determined during the study that results were very
sensitive to the magnitude of depletions and bank storage
rates, especially the cumulative difference graphs. In
addition to this, the four graphs reveal some recurring
monthly patterns and general trends that might be a re-
sult of estimated parameters like monthly demand distribu-
tions.

Results are presented on the following pages.
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PLOT 2

, BUREAU OF RECLAMATION. 26JULB3 DISSPLA VER 8.2
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, BURERU OF RECLAMATION. 26JULB3 OISSPLA VER 8.2

11.50.44 MON 13 MAY, 1985 JOB-ADUL

PLOT 2

9421500

COLORADO RIVER BELOW HOOVER DAM, AZ-NV
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APPENDIX B

TYPICAL INPUT VALUES
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