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[FM] 

System Stability in Model Complexity for Integrated Water Management in California 

 

Abstract:  
This paper presents an application of Reynolds Transport Theorem (RTT) to California Central Valley 

water resources system and projects and its utility for integrated water resources management (IWRM). 
Using long-term historical and estimated natural outflows of the Sacramento and San Joaquin Valleys, it 

defines Basin Stress Index and uses it to characterize historical beneficial water uses in the two vValleys. 
It then gives an overview of evolutionary water resources utilization policies in California for multiple 
competing and complementary beneficial uses and how these policies are brought progressively to the 

modeling environment in support of planning and operating the Central Valley water resources and 
projects. This paper highlights the resulting modeling complexity and presents insights about the stability 
of the system due to unique natural characteristics of the Central Valley. The application of RTT to this 

water resources system is shown by development of regional water balance formulations and statistics 
that depict how their components influence the stability of model results. The authors We posit that the 
development of such bounded water balance formulations will help advance IWRM. The paper also 

illustrates the complementary nature of system stability and application of theory to a complex problem to 
provide useful insights for informed decision making and saving model development costs. Finally, the 
paper suggests that the analysis technique applied to the Central Valley water resources system and 

world- class water projects may be useful for a pedagogical development for the emergent concept of 
IWRM for sustainable water resource use. 

[BODY] 

Introduction 

The California Department of Water Resources (DWR) and Mid-Pacific Region of the U.S. Bureau 

of Reclamation (Reclamation) have constructed and continue to plan and operate two major water 

projects in California: the State Water Project (SWP) and federal Central Valley Project (CVP). 

With Oroville Lake, which has a capacity of about 4.3 cubic kilometers (kKm3,), as its major 

storage facility on the Feather River in Plumas County, the SWP system stretches from northern 

Sierra Nevada mountain range to Lake Perris, its southern most storage facility in Riverside 

County. It delivers water to 29 urban and agricultural water contractors that supply water to users 

in northern California, San Francisco Bay Area, San Joaquin Valley, Central Coast, and southern 

California. Historically, about 70% of the SWP deliveries have been to urban contractors whereas 

the remaining 30% have been to agricultural contractors. These water contractors are entitled to 

about 5.1 kKm3 of water deliveries by the SWP, which are seldom met because ofdue to natural 

hydrological variability and built system constraints. The service area for almost all the contract 

amount (about 5 kKm3) is south of the Sacramento and the San Joaquin River Delta (Delta). The 

transfer of water from north of the Delta to its south is made by the Banks pumping plant with a 
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capacity of 189 cubic meters (m3 ) s-1  and through the California Aqueduct that stretches about 

715 kKm to reach southern California. The CVP delivers water to more than 250 long-term water 

contractors in the Sacramento Valley, San Francisco Bay Area, and San Joaquin Valley. It transfers 

its stored water upstream of the Delta to its south using the Tracy pumping plant with a capacity 

of 130 m3 s-1 and through the 188 kKm- long Delta-Mendota Canal. With about 90% of its water 

historically delivered for agricultural uses, the CVP system serves some 35 of 58 counties of 

California. This project has a combined storage capacity of about 13 kKm3 and serves annual 

contract entitlements of about 11 kKm3, which are seldom met due tobecause of similar constraints 

as those on the SWP. Fig. 1 shows the SWP and CVP system facilities and the Delta. 

This paper attempts to elucidate evolutionary water management provisions and progressive 

model developments in California to plan and operate the Central Valley water resources system, 

including the SWP and CVP. It highlights modeling complexity and then presents the application 

of Reynolds Transport Theorem (RTT) to this system as a fundamentally useful technique for 

effective and cost- saving analyses of various planning studies. It attempts to show that this 

analysis approach for modeling this system may be used as an exemplary application of theory to 

practice. To this effect, it attempts to bridge the apparent gap between instructional endeavors and 

the realm of reality, and illustrates that this analysis approach may help reduce model development 

and maintenance costs. Furthermore, it suggests that this case may be used for a pedagogical 

development with respect to the emergent concept of integrated water resources management 

(IWRM) for sustainable water resources engineering. 

Hydrological Characteristics of the Central Valley 

The Central Valley gets much of its water from rainfall and snowmelt runoff from the eastern 

Sierra Nevada and northern Cascade mountain ranges. Precipitation and snowfall in these 

mountain ranges, which are divided into various rim watersheds of about 52,000 and 25,000 kKm2 

in the Sacramento and San Joaquin Valleys, respectively, result in runoffs that drain to these 

vValleys before flowing out to the Delta. In the Sacramento Valley, four major rivers—

Sacramento, Feather, Yuba, and American—account for about 80% of the estimated natural flow 

to the Delta. The estimated long-term annual average natural outflow from this vValley is 27 

kKm3; about 22 kKm3 of it is contributed by the four major rivers. Similarly, in the San Joaquin 

Valley, four other major rivers—Stanislaus, Tuolumne, Merced, and San Joaquin—account for 
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about 90% of the estimated natural outflow to the Delta. The estimated long-term annual average 

natural outflow from this vValley is 7 kKm3; about 6 kKm3 of it is contributed by the four major 

rivers (DWR 2007a). Figs. 2 and 3 show, respectively, the statistics of the flows of the four major 

rivers in the two vValleys with respect to the flows of the remaining smaller rivers. The estimated 

natural flows of these major rivers are used by the State Water Resources Control Board (SWRCB) 

to define water year types in both vValleys to guide the implementation of water right and water 

quality control decisions, which are discussed below. 

The contribution of accretions within each vValley is relatively small and occurs out of sync 

with respect to demand. As Fig. 4 shows, on a long-term average basis, only about 15% of the total 

annual rainfall occurs in the Sacramento Valley in the April to September growing season, which 

is when nearly 97% of the diversion requirement to meet consumptive uses is expected. 

Water Management Provisions in California 

The history of water project planning in California followed evolutionary integration of sState and 

federal water management policies by both DWR and Reclamation. The SWP system incorporates 

riparian as well as pre- and post-1914 appropriative water rights. The genesis of riparian right in 

California pertains to diversion of water for beneficial uses for physically riparian lands. A riparian 

land is defined as the smallest parcel physically abutting a watercourse. The genesis of an 

appropriative right in California pertains to individually appropriated rights prior to 1914 and 

institutionally permitted right after 1914 to divert water for beneficial uses. Prior to the 1913 

California Water Commission Act (State of California Congress 1913), which became effective 

on December 19, 1914, an appropriating entity was only required to post a notice of appropriation 

at the proposed point of diversion, file a copy with the county recorder, and apply the water to 

beneficial use, according to the California Civil Code of 1872 (State of California Congress 1872). 

Before the adoption of this code, there was no legislatively enacted method of appropriation. After 

the Water Commission Act became effective, all prior methods of appropriation were superseded 

and replaced by a new procedure. This procedure established a process of filing with the State 

Water Rights Board an application to appropriate water, which is followed by issuance of license 

and oversight of its reasonable implementation (DWR 1965). 

A negotiated agreement between DWR and its 29 local agency contractors provides the sState 

repayment of all the SWP capital and operating costs and entitles the agencies to deliveries of long-
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term water supply contracts. The first contract was signed in 1960 between DWR and the 

Metropolitan Water District of Southern California (MWDSC), which supplies water to the Los 

Angeles Metropolitan area. This agreement became a prototype for all later contracts. Each year, 

a contractor requests for delivery of water, according to its long-term water supply contract. The 

current maximum annual total contract, which is commonly known by DWR and the contractors 

as Table A amount, totals about 5.1 kKm3 (DWR 2008). 

The construction and continued operation of the CVP followed the authorization of the Rivers 

and Harbors Act of 1935 by the U.S. Congress (U.S. Congress 1935), which was reauthorized by 

the Rivers and Harbors Act of 1936 (U.S. Congress 1936), and the Central Valley Project 

Improvement Act of 1992 (U.S. Congress 1992). The provisions in these successive authorizations 

include river regulation, improvement of navigation and flood control, irrigation and domestic 

uses, power, and mitigation, protection, and restoration of fish and wildlife. 

The various water storage and allocation approaches integrated into the management of water 

resources of California range from settlement and exchange contracts entered into between 

Reclamation and water right holders to the flows of the Sacramento and San Joaquin Rivers. 

Reclamation negotiated for and entered into settlement contracts with individuals and water user 

districts who had established water rights to the flow of the Sacramento River prior to the 

construction of Shasta Dam. The agreement allows for natural base supplies and seasonally 

distributed project water supplies from storage to about 150 settlement contractors. Exchange 

contracts were similarly negotiated and entered into between Reclamation and senior water right 

holders to the flow of the San Joaquin River. This agreement allowed Reclamation to divert water 

in exchange for guaranteed deliveries of substitute water from the Sacramento River by means of 

the CVP facilities, including Tracy pumping plant and Delta-Mendota Canal. In this case, there is 

inter-basin transfer of water from the Sacramento Valley to the San Joaquin Valley. 

The Water Right Decision (D1485) and Water Quality Control Plan passed in 1978 by the 

SWRCB are some of the provisions that protect fish and wildlife resources and control water 

quality in the Delta and Suisun Marsh (SWRCB 1978a, 1978b). These provisions were amended 

and superseded by the Bay-Delta Plan (SWRCB 1991) and the Water Quality Control Plan 

Decision (D1641) (SWRCB 1995, 1999, 2006). These decisions, which are made after public 

hearings and input, support municipal, industrial, agricultural, fish, and wildlife beneficial uses. 
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Basin Stress and Characteristics 

In general, naturally occurring fresh water availability in many regions of the world is relatively 

flat compared withto a positive slope for the demand curve. California may be characterized as 

one of the regions of the world where large distances separate water users in the built environment 

from fresh water sources. About two thirds of the fresh water supply in California originates north 

of the Delta, whereas about two thirds of the demand is to its south. Its estimated annual fresh 

water demand increase by 2050 ranges from 740 to 1,850 million m3, according to the California 

Water Plan Update 2009 (DWR 2009). 

The Central Valley is one of the most productive agricultural regions in the United States.S. 

The area represented in CalSim-II is about 35,000 kKm2. About 64%, 28%, and 8% of this area 

are in the Sacramento Valley, San Joaquin Valley, and Delta, respectively. At the current level of 

development, the agricultural and urban areas are estimated to be about 13,900 kKm2 and 2,700 

kKm2, respectively. The agricultural areas in the three regions are about 48%, 39%, and 12%; the 

corresponding percentages for the urban areas are about 65%, 25%, and 8%. 

The stress on the natural water flow in a given basin is mainly fromdue to diversions, storages, 

or exports from the basin for various beneficial uses. The stress on the basin can be inferred from 

the difference between its historical and estimated natural outflows. A simple basin stress index 

can be defined as the estimated relative reduction of the natural water outflow in order to meet 

water demands in the built environment within and outside the basin, as given by Eq. 1 
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where BSI = basin stress index, 
N

Q = estimated natural outflow from the basin, and 
H

Q = 

measured outflow from the basin, excluding upstream imports to the basin. Fig. 5 shows the 

estimated natural and historical annual outflows of the Sacramento and San Joaquin Valleys. Fig. 

6 shows the computed basin stress indices for the two vValleys, which are due tobecause of 

beneficial uses within these vValleys, in the Delta, and south of the Delta. The trend lines for 

both the Sacramento and San Joaquin Valley stress indices are generally positive. However, their 

long-term averages are about 10% and 50%, respectively. In addition, the slope of the trend line 

of the San Joaquin Valley stress is nearly one order of magnitude higher than that of the 

Sacramento Valley. On average, the estimated natural outflow of the Sacramento Valley is 
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nearly three and a half times higher than that of the San Joaquin Valley, making the stress on the 

former relatively less. In the Sacramento Valley, the SWP and CVP project exports to south of 

the Delta and inter-basin transfer for exchange contractors are part of the historical outflow, 

whereas in the San Joaquin Valley, some project water is diverted through the Friant Kern Canal 

from Millerton Lake on the San Joaquin River. 

Even though the indices for the two Valleys have qualitative differences, they provide some 

quantitative assessment of the stresses. This system stress index may be useful for various 

applications, such as consideration by the SWRCB to regulate the allocations of San Joaquin 

Valley water resources based on estimated natural flows (SWRCB 2011). 

Modeling Central Valley Water Resources System and Projects 

As discussed above, the two main water projects of California traverse the complex system of the 

Central Valley while attempting to meet various water rights needs, water quality constraints, 

contractual entitlements, and environmental requirements. The early efforts to model these systems 

were made using the U.S. Army Corps of Engineers Hydrologic Engineering Center HEC-3 

(USACE 1981) and HEC-5 (USACE 1985) river and reservoir operation computer programs. Both 

DWR and Reclamation have been progressively developing computer programs and their 

applications, commonly known as models, in order to gain insights from the planning studies of 

the essential aspects of Central Valley water resources system and projects. 

The DWR Simulation Model (DWRSIM) and San Joaquin Simulation Model (SANJSIM) by 

Reclamation were some of the early computer programs and applications used to study the 

planning and operations of the Sacramento Valley and San Joaquin Valley river and reservoir 

systems, respectively (Barnes and Chung 1986). These models were replaced by the California 

Simulation model I (CalSim-I) computer program and application, which were developed 

collaboratively by DWR and Reclamation. CalSim-I was subsequently enhanced to the CalSim-II 

computer program and applied to the Central Valley water resources system, including the SWP 

and CVP. HEC-3 and HEC-5 were also applied to smaller watersheds such as the Upper American 

River (DWR 1984), Yuba River (DWR 1985a), and Bear River (DWR 1985b) systems to prepare 

pre-processed input to DWRSIM and subsequently CalSim-II. The structure of CalSim-II 

computer program and application were described in detail in Draper et al. (2004). The latest model 

development effort makes a distinction between the generic modeling tool or computer program, 


