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CalSim: Generalized Model for Reservoir System Analysis
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Abstract:The California State Department of Water Resources and the United States Bureau of Reclamation Mid-Pacific Re
developed a general-purpose reservoir–river basin simulation model for the planning and management of the State Water Pro
federal Central Valley Project. The California Water Resources Simulation Model brings a fundamental change to modeling
systems. Model users specify system objectives as input to the model. System description and operational constraints are sp
a new water resources engineering simulation language. A mixed integer linear programming solver efficiently routes water th
system network given the user-defined priorities or weights. Simulation cycles at different temporal scales allow for successiv
of constraints. The power and flexibility of the model is demonstrated by its ability to simulate the operation of complex new
mental water accounts.
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Introduction

Management models have been widely used to support wat
sources planning since the 1960’s. Many models are descr
in nature, simulating reservoir operations using simple m
balance accounting. Explicit operating rules define what acti
to be taken at each time step given the state of the system
complex systems this rule-based approach has many disa
tages. It leads to the adoption of an oversimplified and inflex
rule set. Operating rules may be inefficient at achieving thei
jectives, and can only be refined through repeated simulation
time consuming to reformulate rules for different modeling a
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natives(e.g., additional storage and conveyance facilities). Gen-
eralized models such as HEC-5[U.S. Army Corps of Enginee
(USACE) 1998] or WEAP (SEI 2001) severely restrict the for
of the operating rule, while site-specific models often embe
tricate operating rules in procedural code. Coding complex
becomes a specialized task, often with loss of transparency
end user.

By the late 1970’s, network flow algorithms were widely r
ognized as a powerful tool for making model reservoir rel
and water allocation decisions. The use of single-step optim
tion to partially replace complex operating rules eliminates m
lines of code and increases the readability of the model. Net
flow solvers are fast and computationally efficient but their a
cation to complex systems is severely restricted by the ne
represent all constraints as simple lower and upper bounds
can be partially overcome by employing iterative solution t
niques, such as embedded in the later versions of MODSIM(La-
badie 1995). With the increase in computer processing ti
single-step linear programming(LP) and mixed integer linea
programming(MIP) solvers are now more common(e.g., Randa
et al. 1997). Prescriptive multiperiod optimization has been s
cessfully applied to model real systems(e.g., Martin 1983). True
optimization eliminates the need for strategic rules to guide l
term operations, but requires a greater simplification of the p
cal system(Wurbs 1993). There is a general consensus that
optimization models are better suited to screening studies o
development of the much-needed operating rules for simula

Natural language interfaces have been advocated as a w
make planning models more accessible. Several models
high-level modeling language to specify complex operating
jectives and constraints to overcome the limitations of the
operating rule form imposed by many older generalized mo
RiverWare(Zagona et al. 2001) uses a “simulation and rule la
guage,” OASIS(Sheer et al., unpublished, 1999) uses Operation
Control Language(OCL) and MODSIM allows the user
specify constraints using the Perl language.

This paper describes the California Water Resources Sim

tion Model (CalSim), a general-purpose reservoir–river basin
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simulation model jointly developed by the California Departm
of Water Resources(DWR) and the U.S. Bureau of Reclamat
(Reclamation). CalSim builds on recent modeling developme
Its features include single-step optimization combined wi
simulation language for specification of objectives and
straints. The model has the flexibility to implement various m
tiobjective programming techniques. Simulation cycles perm
successive layering of constraints. Position analysis capab
allow the user to identify the range of possible short-term co
quences of particular management decisions. The applicati
CalSim to model the California State Water Project(SWP) and
the federal Central Valley Project(CVP) is described. The nam
of the CalSim software has been recently changed to Wate
sources Integrated Modeling System(WRIMS) to avoid confu
sion with the application to the California system.

CalSim Model Description

CalSim is a data-driven simulation model that uses single t
step optimization techniques. Rather than specifying how a
ticular operating policy is to be implemented, the user specifi
series of objectives in the form of relative priorities for wa
allocation and storage. Physical capacities and specific regu
and contractual requirements are input as linear constrain
system operation using a new water resources simulation
guage(WRESL). The process of routing water through the ch
nels and storing water in reservoirs is efficiently performed
MIP solver. For each time period, the solver maximizes the
jective function to determine a solution that delivers or st
water according to the specified priorities and satisfies sy
constraints. The sequence of solved MIP problems represen
simulation of the system over the period of analysis.

Operational Objectives

Multipurpose reservoir systems must be operated to meet co
ing demands. A diverse set of objectives, such as fish prote
and recreational needs, can not usually be quantified in s
commensurate units as required for linear programming. Mul
jective programming methods are discussed by Cohon and M
(1975), Can and Houck(1984), and Loganathan and Bhattacha
(1990). The traditional approach is to include only one objec
in the objective function and incorporate all other objective
constraints set at user-specified levels. In CalSim, different o
tives are added as weighted components of the objective fun
The weights are subjective factors that indicate the user’s p
ences. The relative magnitude of the weights may be design
allow trade offs between objectives or structured so that p
tized goals are met sequentially with no degradation of previo
satisfied goals. CalSim also allows the user to specify objec
using a weighted goal-programming technique pioneered
Charnes and Cooper(1961).

Multiple simulations or cycles may be embedded within e
time step. The current cycle has access to the value of de
variables determined in previous cycles. This allows new pr
ties (or constraints) to be introduced once some of the decis
variables have been fixed in a previous cycle, as in pre-em
goal programming(Can and Houck 1984). This layering provide
the ability to operate one part of the system independent o
rest of the network. For example, local project operations ma

determined independently to state and federal project operations.

JOURNAL OF WATER RESOURCES PLANNING
System Constraints

The dynamic evaluation of constraint coefficients at runtime
important feature of CalSim. Constraints may be conditiona
the state of the system(e.g., minimum instream flow requireme
that are dependent on water year type or on the volume of
in storage). The state of the system at the beginning of a
period is defined by state variables that are input directly to
model (e.g., reservoir inflows, target demands) and by the valu
of decision variables in previous time steps or cycles. Cons
coefficients are evaluated at the start of each time step or
before being transferred to the solver.

Constraints may be expressed as hard constraints that m
be violated or formulated as soft constraints with associated
alties for deviating from user-specified target values. These
straints are internally reformulated by CalSim by the introduc
of auxiliary slack and surplus variables in the constraint equ
and associated penalties on these variables in the objective
tion. Soft constraints guard against infeasibilities when other
tem constraints do not allow the goal to be achieved.

The MIP solver enables CalSim to represent nonlinear
then” type constraints using binary integers such as require
modeling weir operations. Binary integers are also require
the linearization of convex functions(assuming maximization) or
nonlinear constraints. While binary integers have success
been used in CalSim, their number should be limited. The
problem is much more difficult to solve than its LP counterp
Experience in the application of CalSim to the CVP–SWP sy
has shown that they can significantly impact model runtime.

Model Structure

WRESL text files that describe the system being modeled
the priorities for allocating water are generated automaticall
CalSim from a set of standardized tables that are created th
the model user interface. WRESL statements that express o
tional constraints may be written using any text editor and
grouped into files and directories using a tree structure for
nization of related constraints. Time series data are stored
the Hydrologic Engineering Center’s Data Storage System(HEC-
DSS) (USACE 1995). Initial conditions and state variables su
as system inflows are stored in separate DSS files. All relat
data, such as reservoir area-elevation-capacity data, we
index dependent flow standards, and monthly flood contro
quirements are stored in simple space delimited text files c
look-up tables.

At runtime, the WRESL statements are converted to gene
FORTRAN90code by a parser-interpreter program. Execution o
compiledFORTRAN code starts a repetitive cycle of solving one
more optimization problems for each time step in the perio
simulation. For each cycle or time step, data are read from
database, conditional statements evaluated, and the ob
function and constraints passed to the solver in the form
row–column–coefficient matrix via a dynamic link libra
CalSim uses the XA solver(Byer 2001), which returns the valu
of the decision variables along with any requested diagnost
formation.

Water Resources Simulation Language

The WRESL language is powerful enough to represent
physical systems, and operational requirements yet suffic

simple to be readily accessible to the model user. The syntax of
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WRESL is based on the Java language and structured quer
guage statements for accessing relational data. The entir
guage description is contained in just 13 short pages. The
elements of the language are contained in five statement
that are described below.

“Sequence” statements define the order and any conditio
which to undertake a study consisting of multiple cycles.
“model” and “include” statements define which WRESL st
ments are used to define the MIP problem for a particular c
All physical and operational constraints are specified using
“define” and “goal” statements. The define statement iden
variables as either state or decision variables. Decision vari
are declared as real numbers or as binary integers. The va
state variables is established as part of the define statemen
ues may be constant or retrieved from HEC-DSS or the relat
look-up tables. Alternatively, they may be assigned using a c
an external function. Goal statements specify study requirem
in the form of linear constraints involving both decision and s
variables. The value of state variables and the formulatio
particular goals may be a function of a set of conditions(the state
of the system) that evaluate to true or false.

Model User Interface

Input
The CalSim software incorporates a spreadsheet input too
defining the system. A set of seven standardized text files or t
describe system connectivity, the separate system compo
(reservoirs, channels, deliveries, return flows, and inflows) and
the assigned weights. CalSim automatically generates corres
ing WRESL files that can be interpreted by the WRESL pa
The generated files contain all the required variable declara
mass balance constraints, and standardized algorithms su
reservoir evaporation routines. This automation frees the
from the more tedious routine tasks while maintaining comp
transparency: The generated WRESL files may be viewed(and
edited) as any other text-based WRESL file.

Output
CalSim includes a set of tools to display model results and
pare results from alternate model runs. Time-series data m
viewed as charts or tables according to various user-define
mats. Mathematical functions of single or sets of time series
be stored by CalSim and used to generate standard user-d
outputs(e.g., total system storage or total system deliveries).

Position Analysis

Delivery reliability may be determined through simulation of
system over a long hydrologic sequence. However system o
tors are typically concerned with a shorter time span and
consequences of particular reservoir release and delivery
sions under a range of possible future hydrologic conditions.
type of conditional reliability can be addressed in CalSim usi
position analysis(Palmer 1988), a form of Monte Carlo simula
tion. Under a position analysis the initial(typically current) state
of the system is defined. Multiple simulations of system opera
are made for a relatively short duration(typically less than tw
years) all starting from the same state. The input hydrology
each simulation may be based on the historical record or a
thetic sequence, but the start year for the simulation is adva

one year for each model run. Results indicate the range of impacts
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a set of decisions would have under all the different condi
contained in the input hydrology, and can aid project operatio
the short or medium term.

Central Valley Project–State Water Project System

Model Application

The application of CalSim or WRIMS to the CVP–SWP syste
called CalSim II. CalSim II is currently being applied to exam
a diverse range of options to improve the CVP–SWP supply
ability. Its use has also been advocated to support more ge
state-wide planning. DWR and Reclamation have released a
project benchmark studies to provide a common baselin
all planning investigations. The studies and accompan
documentation are available from DWR’s webs
http://modeling.water.ca.gov. A key factor in the rapid adoptio
CalSim II over other existing models has been CalSim’s un
ability to dynamically model operation of environmental wa
accounts resulting from the 1992 Central Valley Project Impr
ment Act (CVPIA) and the CALFED(2000) Record of Decisio
(ROD).

The CVP built by Reclamation and the SWP built by DW
serve the multiple objectives of flood control, water conserva
power generation, recreation, and streamflow and water q
protection. The locations of the principal project facilities
shown in Fig. 1. Both projects have major storage facilitie
Northern California that store winter and spring surplus runo
meet predominantly agricultural demand in the Sacramento
ley and to provide water for export to the San Joaquin Valley
the urban central and south coast regions of the State. Wa
leased from project reservoirs flows to the Sacramento
Joaquin Delta(Delta) where it is exported south by the Tra
Pumping Plant to the CVP’s Delta Mendota Canal and the B
Pumping Plant to the SWP’s California Aqueduct.

Although the CVP and SWP are operated by the two sep
agencies, they are physically interdependent: Releases fro
stream reservoirs co-mingle in the Sacramento River and D
The projects share some storage and conveyance facilities
of the Delta and have joint responsibility to comply with De
standards for water quality and fish and environmental protec
The projects must also consider local water use by nonstat
nonfederal agencies within the Sacramento–San Joaquin dr
system as it affects the available project water supply.

Central Valley Project
The CVP is the largest surface water storage and delivery s
in California, with a geographic scope covering 35 of the st
58 counties. The project supplies water to more than 250
term water contractors in the Central Valley, the Santa Clara
ley, and the San Francisco Bay Area. Historically, approxima
90% of the CVP water has been delivered to agricultural u
including prior water right holders. Total annual contracts ex
11 Gm3 s9 mafd per year. The CVP includes 20 reservoirs, wi
combined storage capacity of approximately 13 Gm3 s11 mafd.

State Water Project
The SWP distributes water to 29 urban and agricultural w
suppliers in Northern California, the San Francisco Bay Area
San Joaquin Valley, the Central Coast, and Southern Califo
These agencies have long-term water supply contracts to

3
approximately 5.1 Gm (4.2 maf) annually from the SWP, of
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which about 5.0 Gm3 (4.1 maf) are for contracting agencies w
service areas south of the Delta. About 70% of this con
amount is for urban users and the remaining 30% for agricu
users. The principal storage facility for the SWP is Lake Orov
located on the Feather River within the Sacramento Valley, w
gross storage capacity of 4.3 Gm3 s3.5 mafd. The principle con
veyance component of the SWP is the California Aqueduct
extends 715 Km from the Delta to terminal reservoirs in Sout
California.

Joint Facilities
The San Luis Reservoir is a 2.5 Gm3 s2.0 mafd off-stream storag
facility constructed south of the Delta for reregulation of expo
The reservoir is jointly owned and operated by DWR and Re
mation. An intertie between the Delta Mendota Canal and
California Aqueduct allows the projects to make joint use of
reservoir. The 170 Km reach of the California Aqueduct sout
San Luis Reservoir, known as the San Luis Canal, is also a
use facility. With its present Delta export facilities, the CVP la
the pumping and conveyance capacity to supply all of its exi
and potential contractors south of the Delta. Wheeling arra
ments govern the use of any excess SWP pumping and co
ance capacity for the CVP.

Sacramento-San Joaquin Delta
The Sacramento and San Joaquin rivers meet in the Delta r
and flow through Suisun Bay, San Pablo Bay, and San Fran
Bay before reaching the Pacific Ocean. The Delta provid
unique environment supporting diverse plant and animal life

Fig. 1. General locations of State W
is an important fishery habitat. Reclaimed marshland protected by

JOURNAL OF WATER RESOURCES PLANNING
an extensive network of levees support over 500,000 acr
agriculture. The Delta has been called the hub of the State’s
supply, and maintaining the health of the Delta ecosystem
sential if CVP and SWP exports are to be sustained. Native
populations, listed under the state and federal Endangered S
Act, are affected by the projects through reduced Delta outfl
and entrainment at the export pumps. Delta operations are
trolled by both state and federal water quality and flow stand
Current project responsibilities for meeting standards are de
by the State Water Resources Control Board(SWRCB) in Water
Right Decision 1641(D-1641) (SWRCB 2000).

California’s Water Supply Needs
The 1987–1992 six-year drought showed that the State’s ex
water infrastructure and management systems are no longe
ficient to provide a reliable water supply to project contrac
The l998 California Water Plan Update(DWR 1998) estimated
statewide difference between supply and demand by the
2020 of between 2.9 and 7.6 Gm3 (2.4 and 6.2 maf) depending o
hydrologic conditions and what actions are implemented ove
next decades. Recent actions to improve California’s water s
are described by Chung et al.(2002).

System Representation

CalSim II models all areas that contribute flow to the Delta.
geographical coverage includes: The Sacramento River V
the San Joaquin River Valley; the Sacramento–San Joaquin
the Upper Trinity River; the CVP and SWP deliveries to the

roject and Central Valley Project facilities
ater P
lare Basin; and the SWP deliveries to central and south coast
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regions. The network includes over 300 nodes and over 900
representing 24 surface reservoirs and the interconnected
system. Fig. 2 shows a simplified system network for illustra
purposes. The actual CalSim II schematic is too detailed and
plex to include in this paper.

Hydrologic Input Data

Water Supplies
CalSim II simulates operation of the CVP–SWP system for
year period using a monthly time step. The model assume
facilities, land use, water supply contracts and regulatory req
ments are constant over this period, representing a fixed lev
development. The historical flow record October 1922–Septe
1994, adjusted for the influence of land-use change and ups
flow regulation, is used to represent the possible range of
supply conditions. Groundwater has only limited representati
CalSim II. This resource is modeled as a series of interconn
lumped-parameter basins. Groundwater pumping, recharge
irrigation, stream–aquifer interaction and interbasin flow are
culated dynamically by the model.

Water Demands
Demands are preprocessed independent of CalSim II and
vary according to the specified level of development(e.g., 2001
2020) and according to hydrologic conditions. Agricultu

Fig. 2. Simplified schematic of Central Valley Project–State
land-use-based demands are calculated from an assumed croppin

484 / JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT
pattern and a soil moisture budget. Projected crop acreage
culated by an economic production model using positive m
ematical programming(Howitt 1995). Urban demands are typ
cally set to contract amount, but with reductions in wet y
based on recent historical data. Both land-use-based deman
contract entitlements serve as upper bound on deliveries.
ronmental demands such as minimum reservoir storage re
ments, minimum instream flows and deliveries to national w
life refuges, and wildlife management areas are as stipulat
current regulatory requirements and discretionary interag
agreements.

System Objectives

Month-to-month system objectives are specified using a m
weights on decision variables and penalties on deviations
specified target values. The smallest(most negative) weights are
associated with artificial arcs that are added to prevent s
infeasibilities. The flow in these arcs should always be z
Large negative weights are also associated with flood storage
largest positive weights are attached to reservoir dead sto
Balancing between reservoirs is achieved through a rang
weights associated with three or more reservoir conserv
zones. Weights also trigger releases from north of Delta sto
for transfer to San Luis Reservoir. Environmental demands h
higher priority than water deliveries. Penalties on “surplus” D

Project System(CalSim II schematic has considerable greater detai)
Water
goutflow ensure that as much water as possible is designated for

© ASCE / NOVEMBER/DECEMBER 2004
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CVP,
use by the projects. Weights also ensure that north of Delta d
eries are met prior to those for south of Delta, and that se
water right holders have priority over project service contrac
Small “persuasion” penalties are used to influence water ro
or to obtain a unique solution in cases where the model w
otherwise be indifferent.

Cycles

The regulatory environment under which the projects must o
ate includes SWRCB water right decisions, state and federa
logical opinions, U.S. Army Corps of Engineers permits, and
teragency agreements. Seven sequential cycles are requ
simulate system-wide operations for each time step for a g
regulatory environment. The first five cycles simulate the
Joaquin River basin as an isolated system. The sixth cycle
lates system-wide operation. The last cycle revises operati
the California Aqueduct for wheeling of deliveries to Recla
tion’s Cross-Valley Canal contractors. Additional longer cycle
12 month duration are required to model different regulatory
vironments. This is described in a later section. The Ver
Adaptive Management Program(VAMP) illustrates the need fo
cycles. VAMP is an experimental science program to study
effect of various flow regimes in the San Joaquin River
pumping curtailment on fish populations. It specifies 31 day p
period (between April 1st–May 31st) flow targets and total Del
export reductions concurrent with the flow targets. It also
vides for the collection of experimental data during that tim
further the understanding of the effects of flows, exports,
Delta barriers on salmon survival. Under the San Joaquin R
Agreement, irrigation districts that are member to the San Joa
River Group Authority(SJRGA) agreed to provide water to me
the VAMP target flow or 135 Mm3 s110 tafd, whichever is less
VAMP flow targets are predicated on forecasted operations u
“existing” or pre-VAMP flows. In CalSim II, the VAMP require
ments are implemented in cycle 5 by introducing an additi
layer of constraints. The VAMP requirement is computed fro
look-up table based on the water year type and the pre-V
flows calculated in cycle 4. VAMP flows in cycle 5 are m
through additional reservoir releases or imposed deficiencie
the SJRGA members.

System Constraints

The operational requirements for the CVP–SWP system ar
numerous to describe in a short paper. Instead, this paper fo
on the current operations in the Delta to illustrate the abilit
CalSim to model complex water right permit requirements
project sharing agreements.

Delta Outflow Objectives
The Net Delta Outflow Index(NDOI) is a performance measu
used to ensure protection of aquatic habitat, Delta fish po
tions, and provision of transport flows for anadromous fish.
fined in the 1995 Water Quality Control Plan(WQCP) (SWRCB
1995), NDOI is calculated from a hydrologic mass balance
stream inflows, in-Delta net crop and vegetation consumptive
and project exports. The WQCP specifies NDOI requiremen
terms of minimum average monthly flows. For the five-mo
period February to June, the WQCP specifies additional crite
terms of the position of the 2,000 ppms2.64 mmhos/cmd isoha-
line (known as X2). X2 is an index of estuarine conditions and

used as a standard to regulate freshwater inflow to San Francisco
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s

Bay. The WQCP specifies the number of days in each m
when the maximum daily average electrical conductivity(EC) at
various water quality control stations must be less than or eq
2.64 mmhos/cm. CalSim II uses the Kimmerer–Monismith e
tion (Kimmerer and Monismith 1992) to calculate the require
outflow to maintain the EC standard as a function of the com
ance location and the previous month’s X2 position.

Delta Water Quality Objectives
The WQCP specifies water quality standards for municipal
industrial, agricultural, and fish and wildlife objectives. Th
standards must be translated into flow equivalents to be mo
in CalSim II. However flow–salinity relationships in the Delta
highly nonlinear and are dependent on both current and pre
month flows through the various Delta channels. CalSim II
an external module to estimate the salinity at four water qu
stations within the Delta. The module consists of an Artifi
Neural Network(ANN), trained using a one-dimensional hyd
dynamic finite difference model of the Delta’s channel sys
CalSim II passes antecedent flow conditions and known(from a
previous cycle in the same time step) or estimated current mon
flows to an ANN dynamic link library(DLL ). The DLL returns
coefficients for a linear constraint that binds Sacramento R
Delta inflows to Delta exports based on a piecewise linea
proximation of the flow–salinity relationship.

Minimum Required Delta Outflow
The Minimum Required Delta Outflow(MRDO) as measured b
the NDOI is the minimum controlling outflow considering flo
salinity, and X2 standards. The MRDO is calculated in CalSi
as the monthly outflow determined from daily controlling requ
ments. Given the required outflow for the flow, salinity, and d
X2 standards an external function determines the weighted
age MRDO for the month. Salinity requirements are trans
into a MRDO based on the linear constraint between Sacram
River flow and Delta exports, the assumption that exports
equal to south of Delta delivery targets plus the filling of San
Reservoir to target storage, and an overall mass balance f
Delta.

Delta Export Limits
The WQCP sets limits to Delta exportssEd expressed as a fracti
of total Delta inflowsId. Fixed monthly values of the maximu
E/ I ratio vary from 0.35 to 0.65. LowE/ I ratios from Februar
through June result in high carriage water costs for transf
project water across the Delta. Between April 15th and May 1
additional constraints are imposed on exports based on th
Joaquin River flows at Vernalis.

Coordinated Operations Agreement
The 1986 Coordinated Operations Agreement(COA) is an agree
ment between Reclamation and DWR to coordinate the o
tions of the CVP and SWP. Its purpose is to ensure that
project obtains its share of water from the Delta while mee
obligations to protect other “in-basin use” within the Sacram
Basin. In-basin use covers all legal use of water in the S
mento Basin including project storage withdrawals to meet
tract demands, in-Delta consumptive use, and required Delta
flow for maintaining Delta water quality and flow standards.

COA defines sharing formulas for meeting in-basin use an
the partition of excess flow. The responsibility for meeting
basin use with storage withdrawals is shared 75% for the

25% for the SWP. The capture and/or export of excess flows are
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shared 55% for the CVP, 45% for the SWP. A project’s shar
surplus flows includes project storage increase and Delta ex

Modeling of COA requires the use of a binary integer to in
cate the existence of unstored water for export. The COA sh
formulas are used as model constraints. If total CVP and
exports exceed storage withdrawals, then there exists uns
water for export. Conversely, if total CVP and SWP storage w
drawals are greater than the total exports, then there is in-b
use. Often after meeting its COA obligation, one of the proj
(usually the CVP) can not export all its entitled water due
limited capacity. The logic in CalSim II allows the other projec
take any unused portion. Negative weights are placed on
projects unused share to dissuade one project from rele
water specifically for the other project’s benefit.

Explicit Model Operating Rules

Single-step optimization is too myopic for long-term decisio
Explicit model operating rules must be formulated for decis
with consequences beyond the current time step. In CalSi
operating rules are required to determine annual water alloca
establish reservoir carryover storage targets, and trigger tra
from north of Delta to south of Delta storage.

Central Valley Project–State Water Project Delivery Logic
The CalSim II delivery logic for the CVP–SWP system attem
to mimic the actual delivery decision process used by the
agencies. It is an extension of the procedure described by
and Arora(1995). Annual delivery allocations and carryover st
age targets are established at the start of the contract year
on project system storage and runoff forecasts. These de
decisions are updated monthly as water supply paramete
come more certain until 1st May after which the delivery leve
fixed for the remainder of the contract year. The monthly d
sions represent a minimum firm delivery commitment to con
tors. Carryover storage is adjusted downward to redress any
sequent supply shortage.

The determination of annual delivery allocations is a two-
process based on water supply indices(WSIs) for the two project
and rule curves for carryover storage. The WSIs are revised
month until the final delivery commitment is made. The dem
index (DI) represents the pool of water that is available for de
ery or carryover storage and is determined from WSI versu
curves that are established for each project. Subsequently
livery versus carryover risk curve” is used to disaggregate d
eries and carryover storage from the DI pool. Generation o
WSI:DI curves has been automated in CalSim using an iter
process of successive model runs that progressively minimiz
sum of the squared error between the DI and the sum of a
deliveries and carryover storage. The WSI:DI relationship
tures the essence of all constraints in delivering project w
whether due to competing beneficial uses, limits of physica
frastructure, water right permit conditions, or imperfect foreca
The delivery versus carryover risk curve is input by the user
if necessary, subsequently manually adjusted to maintain
mum deliveries.

Reservoir Rule Curves
Operation of San Luis Reservoir plays an important role in
system-wide performance of both the CVP and the SWP.
ability to store water south of the Delta increases project y
through improved flexibility of project operations. The timing

water transfers through the Delta can be matched to salinity con-
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ditions in the Delta and periods of low carriage water cost, ra
than dictated by south of Delta demands. Rule curves in Ca
II, one for the SWP portion and one for the CVP portion of
Luis Reservoir, are used to trigger water transfers from nor
Delta storage based on the relative weights assigned to dif
storage zones(decision variables) in the objective function. Th
rule curves are a function of north of Delta carryover stor
permitted maximum Delta pumping, and south of Delta f
casted deliveries. The filling cycle is from October to April. A
general guideline, filling of San Luis Reservoir from storage w
drawals is delayed as long as possible to take advantage o
plus Delta outflow. The reservoir is drawn down from May
September in proportion to the remaining delivery allocatio
maintain operational flexibility.

Modeling of the Central Valley Project Improvement
Act (b)(2) and Environmental Water Account

The CVPIA of 1992 amended the previous authorizations o
CVP to include fish and wildlife protection, restoration, and m
gation as project purposes having equal priority with irriga
and domestic uses. The Act specifically dedic
978 Mm3 s800 tafd or 734 Mm3 s600 tafd in drier years of projec
annual yield to fish and wildlife. This action was contained
Section 3406(b)(2) of the law and is commonly called(b)(2). The
baseline regulatory condition from which the impacts of all(b)(2)
actions are to be measured is the 1978 Water Right Decision
(D-1485) (SWRCB 1978). Water costs to the CVP associated w
D-1641, which superseded D-1485, are attributed to(b)(2).

The Environmental Water Account(EWA) is a cooperativ
management program to protect the fish of the Bay–Delta es
through environmentally beneficial changes in the operatio
the CVP and SWP. The EWA was established as part of C
FED’s Programmatic ROD(CALFED 2000), which also outline
the program’s general operating principles. Under the “No Ha
principle specified in the ROD, operation of the EWA shall
change the timing, location, or amount of water delivered by
projects under the regulatory baseline. This requires the ac
tion of alternative sources of project water supply, called “E
assets,” which will be used to augment stream and Delta fl
and to replace the regular project water supply interrupte
EWA changes to project operations. The baseline level of pr
tion from which project deliveries are guaranteed consists o
1995 WQCP codified in D-1641, the 1993 and 1995 Biolog
Opinions for winter-run Chinook salmon and Delta smelt,
implementation of(b)(2).

Modeling of the CVPIA(b)(2) and the EWA represents a s
nificant departure from the traditional long-term planning an
ses. Layering of criteria, and accounting based upon water s
with and without particular actions, necessitates an analys
project operations under different regulatory environme
CVPIA (b)(2) accounting procedures require that the state o
system be known under D-1485 and D-1641 operations. S
larly, the project water supplies(storage and delivery) that mus
be maintained by the EWA are determined in part from
CVPIA (b)(2) analysis. CalSim II incorporates new procedu
for dynamic modeling of CVPIA(b)(2) water and EWA. Thi
requires running a series of CalSim II studies that individu
represent different regulatory environments. The studies
linked through the use of the same starting conditions at th
ginning of each water year and through the transfer of data
one study to the next. The values of decision variables determ

in one study are available as state variables in the following stud-
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ies. A complete EWA model run consists of five separate com
nent studies: D1485, D1641, B2, joint point of diversion(JPOD),
and EWA. The JPOD refers to the ability of SWP to wheel w
for the CVP through Banks Pumping Plant when unused cap
exists. Each component study is run for the same 12 mont
riod. After all five component studies have been run, the cyc
repeated for the next water year,but with initial conditions as
determined under the EWA run. Matrices of program environm
tal actions are defined for both the CVPIA(b)(2) and EWA. Thes
actions are implemented dynamically in CalSim II accordin
monthly accounting of program reserves or assets.

Example Study and Results

This section describes a comparative study of the water s
benefits of increasing the allowable pumping limit at the SW
Banks Pumping Plant in the South Delta. The results from a “
project” simulation are compared to the results of a bas
simulation to determine the incremental effects of the project.
baseline was developed jointly by DWR and Reclamation,
corresponds to a 2001 level of development. Project opera
conform to CVPIA(b)(2) and CALFED’s EWA operations supe
imposed on a D-1485 and a D-1641 regulatory environm
However assumptions related to CVPIA 3406(b)(2) and EWA are
under review and are subject to refinement as these adaptive
agement programs continue to mature.

Banks Pumping Plant has an installed capacity
3

Table 1. Comparison of Total Water Supply Benefits, 2001 Level o

Baseline

Location

1928–1934
Dry period

average

1922–199
73-year
period
average

North of Delta delivery:

SWP 1,142 1,196

CVP 2,527 2,694

Total north of Delta: 3,669 3,890

South of Delta delivery:a

SWP firmb 2,244 3,703

SWP Article 21 198 193

CVP including Cross Valley Canal 2,055 3,12

Total south of Delta: 4,497 7,016

South of Delta exports:

Banks SWP 2,129 3,758

Banks CVP 61 163

Tracy CVP 1,882 2,762

Total CVP 1,943 2,924

Total SWP and CVP: Banks EWA 4,073 6,68

213 115

Total south of Delta export 4,285 6,797

Delta outflow to San Francisco Bay:

Required 5,633 7,610

Surplus 993 9,854

Total outflow 6,626 17,463

Note: 1 Mm3=0.818 taf; SWP=State Water Project; CVP=Central V
aIncludes North Bay Aqueduct.
bIncludes south of Delta purchases.
292 m /s s10,300 cfsd, however current(baseline) regulations

JOURNAL OF WATER RESOURCES PLANNING
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limit pumping to 189 m3/s s6,680 cfsd except under certain h
drologic conditions. As part of the goal to improve conveya
through the Delta, it is proposed to raise this limit
241 m3/s s8,500 cfsd. This action would improve water supp
reliability through restoring SWP’s operational flexibility that
been eroded by recent protective fishery measures and
greater diversion during periods of high water quality. Appro
for increased pumping is conditional upon avoiding adverse
pacts to water supply and navigation in the South Delta. In
the baseline and 8,500 cfs alternative 14 m3/s s500 cfsd of Banks
pumping is dedicated to the EWA for the months of July thro
September.

The benefits of increased pumping capacity are tied to con
tual conditions. SWP allocation decisions in April result in g
anteed firm(Table A) deliveries. Additional “Article 21” wate
may be delivered when there is surplus water in the Delta th
not otherwise required to meet Delta standards, project con
tual commitments, or south of Delta storage.

System Deliveries

System performance is measured in terms of the project long
average annual yield and the project deliveries during the
cally dry period of May 1928–October 1934. The Delta is a c
cal constraint on the export of water from the Sacramento Va
Project deliveries are therefore classified in terms of nort
Delta and south of Delta.

Model results are given in Table 1. For the base study
3

lopmentsMm3/yrd

8,500 cfs Banks Difference

1928–1934
Dry period

average

1922–1994
73-year

period average

1928–1934
Dry period

average

1922–1994
73-year

period averag

1,144 1,196 2 0

2,532 2,694 5 0

3,676 3,890 7 0

2,280 3,726 35 23

198 262 0 68

2,055 3,157 0 37

4,532 7,145 35 128

2,189 3,861 60 103

68 226 7 64

1,872 2,740 −10 −22

1,941 2,966 −2 42

4,130 6,827 57 144

208 136 −5 21

4,338 6,963 53 165

5,661 7,733 28 124

938 9,575 −55 −279

6,599 17,308 −27 −155

roject; EWA=Environment Water Account.
f Deve

4

0

2

alley P
average annual SWP south of Delta firm delivery is 3,703 Mm
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long-term. The average annual SWP Article 21 water is 1933

long-term. The average annual CVP south of Delta delive
3,120 Mm3 long-term. The average annual increase in total S
CVP delivery under the 8,500 cfs alternative is 128 Mm3 long-
term, but only 35 Mm3 in the historical dry period. The majori
of the long-term gains are due to increases in Article 21 deliv
in many of the above normal and wet years. An analysis of b
ing constraints from the MIP solution provides additional in
mation. During the 1928–1934 dry period, baseline Banks pu
ing is constrained by the permit limit in only six of the 77 mon
In contrast during the six-year wet period of 1969–1974, the
mit limit constrains deliveries in 28 months. Fig. 3 shows
nature of the controlling Delta constraints for this wet period

Summary and Conclusions

Projected water shortages make it essential that California a
an integrated long-term approach to water resources plan
The complexity and interdependence of the system require
use of sophisticated computer modeling tools to support ana
Over the last five years, DWR and Reclamation have wo
collaboratively to develop a joint model of the CVP–SWP sys
using the new generic water resources software CalSim.

CalSim is entirely data driven and replaces less flexible
specific models. Representation of the physical system an
operational constraints are input by the user using WRES
high-level language created specifically for CalSim. Rather
specify complex operating rules, the user attaches weights to
age, flows, and other system variables to define relative prior
For each time step a MIP solver is used to efficiently route w
through the system according to these priorities.

CalSim has successfully been applied by both DWR and
lamation to examine both structural and nonstructural chang
the CVP–SWP system. The use of a shared model with com
assumptions and input data has facilitated cooperation be
the planning staff of the two agencies. The flexibility of CalS
has allowed the two agencies to model complex environm

Fig. 3. Example wet period controll
regulations and many facility alternatives without the need to

488 / JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT
change and adapt the underlying software. The use of re
readable text-based WRESL input files has allowed greate
ticipation by engineers and stakeholders in the modeling pro
Although developed for use in California, CalSim can be rea
applied to other water resources systems.

Acknowledgments

Many individuals have contributed to the development of
CalSim software, including C. Booher, D. Easton, J. Fenolio
McFadden, and N. Sandhu. The development of CalSim II
continuing collaborative effort between DWR, Reclamation,
their consultants with support from other state and federal a
cies. The writers would like to acknowledge the assistance o
Bourez, E. Chang, D. Hilts, T. Kadir, R. Leaf, S. Sou, R. Tull,
R. Wilbur.

References

Byer, J. R.(2001). Manual for XA software, XA optimization library,
Sunset Software Technology, San Marino, Calif.

(CALFED). (2000). Programmatic record of decision, CALFED Bay–
Delta Program, Sacramento, Calif.

Can, E. K., and Houck, M. H.(1984). “Real-time reservoir operations
goal programming.”J. Water Resour. Plan. Manage., 110(3), 297–
309.

Charnes, A., and Cooper, W. W.(1961). Management models and ind
trial applications of linear programming, Wiley, New York.

Chung, F., Kelly, K., and Guivetchi, K.(2002). “Averting a California
water crisis.”J. Water Resour. Plan. Manage., 128(4), 237–239.

Cohon, J. L., and Marks, D. H.(1975). “A review and evaluation o
multiobjective programming techniques.”Water Resour. Res., 11(2),
208–220.

DWR. (1998). “California water plan update.”Bulletin 160-98, California
Department of Water Resources, Sacramento, Calif.

Howitt, R. E. (1995). “Positive mathematical programming.”Am. J.
Agric. Econom., 77, 329–342.

nstraints for State Water Project exports
ing co
Kimmerer, W., and Monismith, S.(1992). “Revised estimates of position

© ASCE / NOVEMBER/DECEMBER 2004



ary
uz,

n-
,

e
ntral
-

.

s.”

ert
.
. P.

ger
e.

-
tute,

rces

ay/
s Con-

Re-

ls.”

ion

ion

. M.
tem
of 2 ppt salinity.” Memo Prepared for the San Francisco Estu
Project, WRINT-SFEP-7, Biosystems Analysis, Inc., Santa Cr
Calif.

Labadie, J. W.(1995). “River basin network model for water rights pla
ning, MODSIM.” Technical manual. Dept. of Civil Engineering
Colorado State Univ., Fort Collins, Colo.

Leaf, R. T., and Arora, S. K.(1996). “Annual delivery decisions in th
simulation of the California State Water Project and federal Ce
Valley Project using DWRSIM.”Proc., of Nat’l Water and Environ
ment Congress, Anaheim, Calif.

Loganathan, G. V., and Bhattacharya, D.(1990). “Goal-programming
techniques for optimal reservoir operations.”J. Water Resour. Plan
Manage., 116(6), 820–838.

Martin, Q. W.(1983). “Optimal operation of multiple reservoir system
J. Water Resour. Plan. Manage., 109(1), 58–74.

Palmer, R. N.(1988). “Operational guidance during droughts: Exp
system approach.”J. Water Resour. Plan. Manage., 114(6), 647–666

Randall, D., Cleland, L., Kuehne, C. S., Link, G. W., and Sheer, D
(1997). “Water supply planning simulation model using mixed-inte
linear programming ‘engine.’”J. Water Resour. Plan. Manag,

123(2), 116–124.

JOURNAL OF WATER RESOURCES PLANNING
Stockholm Environmental Institute(SEI). (1997). “WEAP, water evalua
tion and planning system user guide for WEAP21.” Tellus Insti
SEI, Boston.

SWRCB. (1978). “Water right decision 1485.” State Water Resou
Control Board, Sacramento, Calif.

SWRCB.(1995). “Water quality control plan for the San Francisco B
Sacramento–San Joaquin Delta Estuary.” State Water Resource
trol Board, Sacramento, Calif.

SWRCB. (2000). “Revised water right decision 1641.” State Water
sources Control Board, Sacramento, Calif.

USACE. (1995). “HEC-DSS user’s guide and utility program manua
Rep. No. CPD-45, Hydrologic Engineering Center, Davis, Calif.

USACE. (1998). “HEC-5 simulation of flood control and conservat
systems: User’s manual, version 8.0.”Rep. No. CPD-5, Hydrologic
Engineering Center, Davis, Calif.

Wurbs, R. A. (1993). “Reservoir-system simulation and optimizat
models.”J. Water Resour. Plan. Manage., 119(4), 455–472.

Zagona, E. A., Fulp, T. J., Shane R., Magee, T., and Goranflo H
(2001). “RiverWare: A generalized tool for complex reservoir sys

modeling.”J. Am. Water Resour. Assoc., 37(4), 913–929.

AND MANAGEMENT © ASCE / NOVEMBER/DECEMBER 2004 / 489




