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Abstract: This paper presents the history and evolution of the California Department of Water
Resources’ Municipal Water Quality Investigations (MWQI) program. This program tracks source
water quality in the Sacramento–San Joaquin Delta (Delta) for drinking water supply for nearly
two-thirds of California. The program provides early warning of changing conditions in source
water quality, provides data and knowledge-based support for operational decision making, and
provides scientific support to a variety of urban water users. This retrospective (i) documents program
formation, (ii) describes its evolution in response to regulations and technological advances in water
treatment and field monitoring, and (iii) notes how the development of federal drinking water quality
regulations such as the Disinfection By-Products Rule impacted the program. The MWQI program is
believed to be the first drinking water supply program in the United States to conduct continuous,
real-time monitoring of organic carbon, bromide, and other anions and to report these data on the
internet. In addition to its regular use for operational decision making, the data may be used for
evaluating long-term trends and responses to specific changes in the Delta and its watershed. Future
program directions will likely be guided by factors that may trigger changes in treatment plant
processes and operations, such as emerging contaminants, changes in land and water management
practices, permanent Delta island flooding, sea level rise, and climate change. While this retrospective
focuses on one region, its multi-decade interplay of science, treatment and monitoring technology,
and regulations (as well as practical aspects of managing such a large-scale program) are broadly
relevant to professionals engaged in drinking water quality management in other urbanized and
developed regions of the world.

Keywords: drinking water quality; operational decision-making; real-time monitoring; Sacramento-
San Joaquin Delta

1. Introduction

Estuaries, which provide freshwater for drinking water consumption and agricultural
production, have historically served as outstanding locations for human communities.
Estuaries provide access to both rivers and oceans, thereby enhancing opportunities for
trade and communication [1]. Because they are highly productive, estuaries have also been
an important food source for human habitation [2]. In fact, the earliest civilizations in
the world developed around estuaries. Many modern cities have grown near estuaries,
including Jakarta, New York City, and Tokyo. Of the 32 largest cities in the world in the
early 1990s, 22 were located on estuaries [3].

Estuaries, by definition, exhibit a water quality spectrum between seawater and
riverine that varies with freshwater inflows and geometry [1]. The riverine ends of estuaries
are often used as drinking water resources for the communities that have grown around
them. However, because of the proximity to population centers, these waters tend to
exhibit high concentrations of nutrients, pathogens, and other contaminants (in addition
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to ocean-derived salts and organic matter from contributing watersheds), which create a
challenge to drinking water suppliers that treat such waters for human consumption.

The San Francisco Estuary, including the delta formed by the Sacramento and San
Joaquin Rivers (hereafter Delta) (Figure 1), plays a major role in California’s prosperity and
is shaped by the large population centers that have developed around it. In addition to
serving as an important habitat to more than 750 animal and plant species [4], the Delta is
the largest single water supply source in California and its waters are transported across
river basin boundaries to support major urban and agricultural centers in the state. To
accomplish these inter-basin transfers, large water projects were constructed in the 1940s
by the federal government (i.e., the Central Valley Project or CVP) and in the 1960s by
the State of California (i.e., the State Water Project or SWP) [5]. These projects consist of a
network of dams in upper elevations of the Delta watershed, combined with aqueducts
and pump stations for long-range conveyance. The CVP generally serves agricultural
water users, whereas the SWP is primarily devoted to municipal supply (approximately
70%). The largest source of SWP water is the Feather River, which is impounded by
Lake Oroville [5]. SWP water, exported from the Delta via the California, North Bay,
and South Bay Aqueducts for irrigation and municipal use [6], is allocated through long-
term contracts to 29 water agencies (termed “contractors”) who are responsible for water
delivery to communities and irrigation districts within their jurisdiction [5]. Allocations
are developed by the California Department of Water Resources (CDWR) early in each
water year (which begins on 1 October) and updated as additional hydrologic information
becomes available. Releases from Lake Oroville are managed by CDWR for water exports
and to meet various water quality standards in the Delta, notably standards mandated
to limit the intrusion of saline water [7]. The SWP is one of the largest water conveyance
systems in the world, with an average of 2.9 million acre-feet of water delivered annually
in the decade ending in 2016 [5].

Collectively, Delta exports from the SWP and CVP support a $32 billion agricultural in-
dustry and serve as an important source of drinking water to almost 27 million residents [4].
Saltwater intrusion was one of the earliest water quality concerns for human uses of Delta
water. In 1920, the City of Antioch sued upstream irrigators to protect the city’s intake from
salinity intrusion [8,9]. In response to this lawsuit, the State of California implemented a
monitoring program and published the first authoritative review of Delta salinity and its
control in 1931 [10]. Early plans envisaged control of Delta salinity by means of storage reg-
ulation on the Sacramento River [10] and a saltwater barrier in the estuary near Carquinez
Strait (see Figure 1) [8,11]. Later, as part of the SWP planning process, the California Water
Plan [12] and subsequent investigations considered re-routing low salinity Sacramento
River flows through and around the Delta (see additional discussion in [8]).

Water quality concerns broadened over time to include a suite of chemical constituents
related to natural and anthropogenic sources in the Delta and its watershed. Water quality
management in the Delta occurs through a complex framework of federal and state laws,
such as the Clean Water Act (1973), the state Porter-Cologne Water Quality Control Act
(1969), and the Safe Drinking Water Act (1974), with the goals of supporting beneficial uses
for ecosystems, municipal use, and agricultural use. Here, we focus on a program that
has evolved to track a subset of constituents in Delta waters that are of concern from the
standpoint of drinking water supply.

Since the late 1970s and early 1980s, Delta water quality concerns have included
natural organic matter (NOM) [13] and bromide [14]. NOM and bromide are persistent
in Delta waters due to agricultural return flows from the region’s organic peat soils and
seawater intrusion, respectively. NOM promotes the formation of trihalomethanes (THMs)
and other carcinogenic disinfection by-products (DBPs) when Delta waters are chlorinated
during drinking water treatment [15,16]. In the presence of bromide, brominated DBPs
are also formed [17]. Bromine-containing DBPs are of greater health concern than their
chlorine-containing analogs [18]. In addition, the estuary receives wastewater discharges
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from more than 9 million people along its periphery and other pollutant loads (including
pesticides, herbicides, and nutrients) from the developed watersheds upstream [19,20].
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(noted as RTDF stations, for real time data forecasting).

Given this confluence of factors, water quality in the estuary related to constituents
of drinking water interest has been extensively studied (e.g., [13,15,21–24]). Among all
state and local agencies monitoring water quality in the Delta and its tributaries, CDWR’s
Municipal Water Quality Investigations (MWQI) program is the most extensive and cohe-
sive program established to investigate the quality of Delta source water with respect to
its suitability for production of drinking water. MWQI program elements have evolved
over three decades in response to advances in science, water treatment technology and
regulations, and emerging contaminants, paralleling major investments made by local
water supply agencies (Figure 2).
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and ozone implementation by participating MWQI water contractors.

The primary objective of this paper is to provide a retrospective overview of CDWR’s
MWQI program, highlighting its evolution in response to changing understanding of
Delta water quality water constituents, regulatory drivers, and new technologies. It is not
our intention to provide a subjective critique of the program’s perceived utility, benefits,
successes, and/or failures. This retrospective builds on a prior summary of the program’s
history [25] with a focus on program evolution and its utility to SWP operations, drinking
water quality regulators, and organizations responsible for municipal water supply. Here,
we describe the program, including purpose, organization and funding, and key elements.
This description is followed by a historical account of the program origin, which can be
traced back to federal and state regulatory activities in the 1970s and early studies by
CDWR and other state and local agencies in the 1980s. We then chronicle how the program
evolved from its formation in 1990 to its current configuration. We conclude this paper
with a discussion of key program accomplishments and future directions. This paper is
focused on program-level activities, rather than specific study results or interpretation
of data collected through the program. Although this paper focuses on one region, its
multi-decade interplay of science, treatment and monitoring technology, and regulations
(as well as practical aspects of managing such a large-scale program) are broadly relevant
to professionals engaged in drinking water quality management in other urbanized and
developed regions of the world.

2. Program Description

The MWQI program supports the use of SWP water for municipal supply through
monitoring, forecasting, and reporting of Delta and SWP water quality data. The program
provides early warning of changing conditions in source water quality, provides data and
knowledge-based support for SWP operational decision-making, and provides scientific
support to CDWR, water contractors, and other governmental entities.
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2.1. Program Organization & Funding

The MWQI program activities include water quality monitoring, water quality fore-
casts, and data management. Data generated by the MWQI program, along with related
data generated by other programs, are distributed via daily and weekly electronic reports
at: http://rtdf.info/ (accessed on 8 October 2022). Program staff administer tasks such
as data quality assurance and quality control and participate in other multi-agency water
quality management activities across the Delta. MWQI program organization is shown
schematically in Figure A1 (see Appendix A) and includes support from groups within
CDWR that perform monitoring, laboratory analysis, and modeling. The MWQI program
budget was approximately $3.1 million in 2020 [26]. CDWR manages the MWQI program
with input and funding from participating urban water agencies.

2.2. Program Elements

In its early years, the focus of MWQI was to establish and maintain a discrete or
grab-sample monitoring program that could identify sources of contaminants to the Delta,
elucidate how contaminants from each source are transported through the system, and
evaluate how they affect concentrations at drinking water intakes. Program data were used
to build scientific understanding and to inform a variety of regulatory efforts such as SWP
watershed sanitary surveys. As the program evolved, its scope has expanded to include
real time data collection, water quality forecasting, and targeted scientific studies.

2.3. Watershed Sanitary Surveys

Watershed sanitary surveys are required under the California Surface Water Treatment
Rule (SWTR) and are submitted to the CSWRCB’s Division of Drinking Water, formerly the
California Department of Public Health and the California Department of Health Services.
In February 1988, the California Department of Health Services requested that a sanitary
survey of the SWP be conducted to enable Department of Health Services and water
agencies treating SWP water to appraise the effectiveness of the operation of existing water
treatment plants and to adequately evaluate new treatment plant design requirements.
The SWC decided to conduct a single survey of the entire SWP watershed rather than
conducting independent surveys when they applied for new water supply permits or
amended existing permits. As a result, SWP watershed sanitary surveys cover almost
two thirds of the State of California, starting with the upper reaches of the Sacramento
and San Joaquin River watersheds and extending to the terminal reservoirs of the SWP in
southern California. Since 1990, SWP watershed sanitary surveys have nominally been
conducted every five years; this 1990 survey and its updates are summarized in Table A1
(see Appendix A).

3. Program Genesis

As far back as the early 20th century, salinity and inorganic constituents have been the
primary constituents of concern in the municipal and agricultural beneficial uses of Delta
source waters. Federal legislation in the 1970s, including the Clean Water Act of 1972 [27]
and the Safe Drinking Water Act of 1974 [28] led to the regulation of a broad range of water
quality constituents of concern in drinking water supplies and in treated drinking water.
Coincident with this period, researchers demonstrated the formation of THMs during
chlorination [29,30], a conventional treatment process for disinfecting drinking water. Later
investigations suggested a potential relationship between THM occurrence and increased
incidence of cancer among exposed populations [31]. In 1979, the USEPA promulgated a
maximum contaminant level (MCL) of 100 µg/L for total THMs [32].

3.1. SWP THM Study

In anticipation of this new federal THM regulation, the California Department of
Health Services (now CSWRCB’s Division of Drinking Water), Contra Costa Water District,
and the Metropolitan Water District of Southern California conducted independent studies

http://rtdf.info/
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of Delta source waters [14,33]. These studies found that Delta source waters had significant
potential to produce THMs when chlorinated as part of conventional water treatment
processes. Furthermore, these studies found that treated Delta waters, especially during
drought conditions when bromine-containing THMs sharply increased, could exceed the
MCL established under the 1979 regulation. These findings led to questions concerning
the sources and magnitudes of THM precursors in the SWP and the possible benefits
of a peripheral canal or other through-Delta conveyance facility in reducing precursor
concentrations in the SWP. To answer these and other questions, CDWR conducted a study
from September 1981 to January 1982 to determine the sources of THM precursors in the
Sacramento River, Delta, and the SWP [33]. This study, which confirmed high concentra-
tions of THM precursors in Delta source waters, concluded that waters exported from the
southern Delta are higher in THM-producing substances than are waters tributary to the
northern Delta. Specifically, the study identified Delta island agricultural drainage and
seawater intrusion as key contributors of NOM and bromide, respectively, in southern
Delta channels and drinking water intakes. Because Delta island peat soils are rich in
NOM, they are high in THM precursors [13,21]. The drainage from these islands is higher
in THM precursors than the channel waters. Because seawater is very high in bromide,
seawater intrusion significantly raises the level of bromide in Delta water [15]. Chlorination
of bromide forms bromine, which is more reactive in forming THMs than chlorine [34].
Moreover, bromine-containing THMs weigh more than chlorine-containing THMs, a sig-
nificant fact given that the MCL is regulated on a weight-based total. Confirming earlier
work, the study concluded that a peripheral canal would provide a source water to the
SWP with reduced concentrations of THM precursors relative to baseline conditions. The
report recommended that a monitoring program be initiated for the measurement of THM
formation potential in the Delta and the SWP [33]. Formation potential, an indicator of
precursor levels under laboratory conditions, does not measure formation under full-scale
water treatment operations.

3.2. Expert Panel Report

Motivated by the findings of its SWP THM study [33], CDWR assembled an indepen-
dent expert panel in 1982 to evaluate the consequences of using Delta source waters for
domestic purposes. Panel findings were documented in a report [35] and are summarized
here. The panel concluded that:

The current Delta water monitoring program . . . was developed primarily to monitor
quality from an ecological perspective specifically directed towards fishery resources
and not to assess human health aspects with respect to drinking water. The program
as presently constituted . . . is not entirely adequate to assess the present or projected
suitability of these waters as a source of drinking water supply [35].

The panel opined that drinking water quality “ . . . should be given a much higher
priority in decisions about the Delta.” While some of the panel members believed that the
traditional public health practice of obtaining drinking water from the best source available
should be adhered to (providing support for a peripheral canal), other panel members
believed that advanced water treatment could provide adequate public health protection.
The panel unanimously agreed that public health should be more broadly considered in
decisions about Delta water management.

The expert panel recommended that a monitoring program be initiated to identify
the sources of drinking water contaminants in the Delta (e.g., THM precursors, sodium,
asbestos, pesticides, and heavy metals), how contaminants are transported through the
system, and how contaminant sources impact water quality at drinking water diversions.
Furthermore, the panel recommended that information from the monitoring program be
incorporated into a comprehensive modeling framework that would support public health
decision-making as it related to Delta water management.
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3.3. Interagency Delta Health Aspects Monitoring Program

The expert panel recommendation was implemented by CDWR in July 1983 with com-
mencement of the Interagency Delta Health Aspects Monitoring Program (IDHAMP) [36–39].
The program, initially established as an 18-month investigation (and subsequently ex-
tended), was conducted in cooperation with the U. S. Bureau of Reclamation, the City of
Stockton, East Bay Municipal Utility District, Contra Costa Water District, and several SWP
water contractors.

Program participants provided funding as well as technical guidance through a stand-
ing committee, with participation by other relevant parties such as the California Depart-
ment of Public Health and the CSWRCB. The program initially focused on monitoring
drinking water quality contaminants identified in the expert panel report [35]. Monthly
samples were collected from 15 to 18 stations in areas representing urban drinking water
diversions, Delta inflows, in-Delta agricultural drainage, in-Delta channels and sloughs,
and the Sacramento–San Joaquin River confluence. As analytical methods became more
sophisticated, new and previously unidentified water quality concerns emerged and were
monitored by the program, including selenium in the San Joaquin River watershed, rice
herbicides in the Sacramento River watershed, and insecticides and waterborne pathogenic
protozoa (Giardia and Cryptosporidium) in both watersheds [25].

3.4. Delta Island Drainage Investigation

Data collected under IDHAMP showed high THM formation potential in Delta island
drainage. Delta island drainage refers to return flows collected from lands in the Delta and
pumped into surrounding channels. Pumping of drainage is needed because organic-rich
soils in the Delta lowlands are subsided relative to water levels in surrounding channels.
Motivated by this finding, the Delta Island Drainage Investigation was initiated in 1987 to
assess the impacts of Delta island drainage on the quality of drinking water supplies taken
from the Delta [39]. Goals of the investigation were to (i) evaluate the quality and quantity
of island drainage, (ii) identify processes that affect quality and quantity of island drainage,
(iii) determine potential impacts of island drainage on water quality in Delta channels and
at drinking water supply intakes, and (iv) explore potential mitigation strategies.

The investigation concluded that Delta island drainage had a higher potential to form
THMs than water from Delta channels. While THM formation potential was found to vary
from island to island, in general, drainage was found to have four times greater THM
formation potential than Delta channel samples. Based on mass balance calculations, island
drainage was estimated to contribute 40–50% of the THM formation potential in Delta
waters during periods of irrigation and winter leaching [39]. Amy et al. [13], in conjunction
with CDWR, corroborated the investigation’s conclusion that Delta island drainage has
a higher THM formation potential relative to the surrounding Delta channels. Through
investigation of the chemical composition of water samples, the authors found distinct
differences between Delta island drainage and channel waters, with drainage samples
exhibiting higher average molecular weights. Amy et al. [13] also conducted a mass balance
analysis and concluded that, on average, island drainage could contribute as much as 20%
of the THM formation potential found in the SWP.

3.5. Formation of the MWQI Program

Local water agencies, recognizing that source water quality improvements would have
significant consumer cost and public health benefits, commissioned a study to evaluate
various Delta water management alternatives for meeting existing and proposed state
and federal drinking water quality standards [40]. In addition to placing more stringent
requirements on water treatment, the Surface Water Treatment Rule (SWTR) [41] promul-
gated by USEPA also emphasized watershed protection. Robbins et al. [42] concluded that,
based on a national survey of surface water systems, a three-tiered approach that combines
watershed controls, reservoir management, and water treatment is often necessary to meet
public health objectives for drinking water protection. Arriving at a similar conclusion for
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the Delta water supplies, Krasner et al. [15] advocated DBP control strategies that included
watershed management in addition to water treatment components.

As fundamental understanding of Delta source water quality issues coalesced (based
on data made available through the various independent efforts of the 1980s) and regulatory
pressures mounted, the need for a unified program to provide water quality data in
support of management decisions affecting Delta water supplies was identified. The
SWP water contactors, regarding IDHAMP as a model of interagency cooperation and
a successful vehicle for public health decision support, requested that CDWR create a
standing program that would provide information on known and emerging threats to
drinking water quality [25]. Responding to this request, CDWR initiated the MWQI
Program in 1990, unifying activities being conducted under IDHAMP and the Delta Island
Drainage Investigation [43].

4. Program Evolution

The MWQI program was established as a flexible and pro-active collaboration between
CDWR and participating water agencies to address new concerns as they arise [25]. Accord-
ingly, the program has evolved in response to regulatory drivers, technology innovations,
and an ever-increasing knowledge base. Here, we chronicle the evolution of the MWQI
program by distilling the past 30 years into three eras: the early years (1990–1995), the
CALFED years (1996–2005), and the RTDF years (2006–present). The CALFED Bay-Delta
Program, a cooperative state-federal planning effort created as part of the 1994 Bay-Delta
Accord [8,16], was tasked with developing a 30-year plan that addressed key problem
areas in the Delta, including water quality. Although this goal was not achieved under the
expired CALFED program, the Delta Stewardship Council (a state agency stemming from
the CALFED program and created under the 2009 Delta Reform Act) developed a plan for
the long-term management of the Delta’s water and environmental resources [4].

4.1. Defining Baseline Conditions: The Early Years (1990–1995)

In 1990, CDWR merged IDHAMP, the Delta Islands Drainage Investigation, and
other drinking water quality activities into the MWQI Program. The primary goal of this
newly formed program was to assist water agencies in protecting and improving Delta
drinking water supplies and to guide research on optimal water treatment processes. In
the early years of the MWQI program, nominally between 1990 and 1995, this goal was
achieved through continuity and expansion of previous monitoring activities (including
monitoring key Delta channel and river stations and agricultural drains for constituents
such as pesticides, arsenic, selenium, sodium, and THM formation potential) to characterize
baseline conditions in the Delta. Efforts to fully characterize baseline conditions were
confounded by persistent drought conditions: California endured a severe six-year drought
spanning 1987–1992 with a brief return to drought in 1994. During this period, following
a recommendation from the 1982 expert panel report [35], the MWQI program expanded
efforts to incorporate information from the monitoring program into a comprehensive
modeling framework. Finally, during this period, the program conducted its first SWP
watershed sanitary survey. A summary of these early activities is provided below.

4.1.1. Water Treatment Technology and Regulations

During this period, THMs were the only regulated category of DBPs. However, new
USEPA regulations were anticipated—i.e., the DBP Rule [44,45]—prompting water agencies
to initiate research on advanced water treatment technologies such as ozonation [46] or
granular activated carbon (GAC) adsorption [47] and to expand testing for additional
DBPs [48] in their finished waters. At the time, chlorine and chloramines were generally the
preferred primary and secondary disinfectants, respectively, because of relatively low cost,
control of THM formation (significantly reduced during post-chloramination) [49], and
high effectiveness in controlling bacterial growth in water distribution systems. Among
the water agencies participating in the MWQI program, most were employing these con-
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ventional water treatment technologies during the early years of the MWQI program; less
than 10 percent of the combined treatment capacity of the agencies employed ozonation
(Figure 2).

The DBP Rule, which was promulgated in 1998 [44], lowered the total THM standard
from 100 µg/L to 80 µg/L and set limits on other DBPs, including a 60 µg/L limit on
the sum of five species of haloacetic acids (HAAs) (another chlorination by-product) and
a 10 µg/L limit on bromate, an ozone by-product formed from bromide. The Rule also
requires removal of total organic carbon (TOC) via enhanced coagulation or softening. The
best available technologies identified for meeting the DBP Rule requirements for THMs
and HAAs include enhanced coagulation, enhanced softening, or GAC; ozonation process
optimization was identified as the best available technology for meeting the bromate
standard. Water agencies anticipated the need for extensive research, retrofitting and
upgrading of treatment facilities to meet the DBP Rule. Moreover, the specter of a more
stringent Rule magnified the urgency to understand the possible effectiveness of source
control in addition to new treatment technologies.

It was clear that water agencies charged with protecting the public health through
treating drinking water from the Delta would face serious problems in meeting anticipated
regulations [50]. The water agencies recognized that the degree of success they would
experience in complying with the new rule would depend, in part, on how well DBP
precursors could be reduced in the raw water supply. By reducing the concentration of
these precursors in the raw water supply, the formation of known and unknown DBPs
(regulated and unregulated DBPs) can be lowered. Moreover, controlling DBPs involves
balancing risk/risk tradeoff issues with disinfection requirements. The SWTR had removal
requirements for Giardia and viruses [41]. An Enhanced SWTR, developed along with the
DBP Rule [44,51,52], included removal requirements for Cryptosporidium, which can be
inactivated with ozone but not with chlorine.

4.1.2. Data Collection & Analysis

The MWQI program has conducted discrete water quality monitoring in the Delta since
its inception in 1990 [25]. The spatial and temporal extent of this monitoring has varied in
response to program needs and system understanding [25]. Currently (as of 2022), the pro-
gram conducts routine discrete monitoring at ten locations (see Figure 1) and collects data
at other locations in support of special studies. Discrete sampling has typically been con-
ducted at a monthly interval and currently measures organic carbon (total and dissolved),
standard minerals (i.e., major anions and cations), bromide, nutrients, and chlorophyll.
TOC and dissolved organic carbon (DOC) are quantitative indicators of NOM content.
Throughout its history, the MWQI program has evaluated several additional water quality
parameters as part of routine monitoring and special studies, including trihalomethane
(THM) formation potential, ultraviolet absorbance at 254 nm (UV-254) (a surrogate for the
humic portion of the NOM), metals, selenium, pesticides, and herbicides [25].

The discrete water quality monitoring network, the backbone of the MWQI program
in its early years, expanded dramatically at program inception. While IDHAMP had main-
tained a network of 15 to 18 sampling locations [39], in 1990, the MWQI program was
collecting water quality samples at about 40 Delta urban intake and channel locations and
about 30 agricultural drainage locations [43]. Discrete sampling frequency was typically
monthly. Foreshadowing the program’s later adoption of real time monitoring, beginning
in 1993 the program experimented with the use of autosampler technology to increase
sampling frequency in a cost-effective manner. These devices were programmed to col-
lect samples at variable frequencies (i.e., daily and sub-daily), which were subsequently
analyzed in a laboratory. Autosamplers were later replaced by auto-analyzers, devices
that could analyze selected water quality constituents in near real time (typically within
minutes). Highlights of the program’s data collection and analysis efforts are summarized
below; published program annual reports provide greater detail [43,53–56]. During this
period, a parallel effort was undertaken by others [57] to evaluate loadings of key drinking
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water contaminants to Delta tributaries and to determine if there were source control
measures that, if implemented, would improve drinking water quality at Delta intakes.

Measurement of cations and anions in Delta source waters continued under the
MWQI program, thereby providing continuity with previous IDHAMP monitoring. The
intended purpose of these data was to characterize the major water types in the Delta (e.g.,
freshwater inflows, seawater intrusion, and agricultural drainage) and their sources. By
developing a chemical fingerprint or profile of specific water types, the program planned
to assess the movement and degradation of water under specific hydrologic conditions in
the Delta. Cation and anion data also assisted modelers and planners in the examination of
alternatives to improve the management and distribution of Delta water supplies [43]. A
comprehensive analysis of these data, along with related legacy data available on CDWR’s
Water Data Library website http://www.water.ca.gov/waterdatalibrary/ (accessed on 1
November 2020), was undertaken more recently [58,59].

During this period, several advancements were made in the measurement and under-
standing of THM precursors and THM formation potential and their relationship to actual
THM formation in treated water. Measurements of source water THM precursors, such
as bromide, TOC, and DOC became routine. The resulting data showed consistent rela-
tionships between TOC and DOC and confirmed that seawater intrusion was the primary
source of bromide in Delta waters [15]. Starting in 1990, water samples were also measured
for UV-254, another indicator of NOM content, which was found to correlate with DOC
in most water samples. UV-254 measurements were conducted for several years, with
the intent of providing a quick and inexpensive measurement useful in assessing THM
precursor levels in the Delta. In 1992, a modified chemical testing procedure was developed
and adopted to improve measurement of THM formation potential in high DOC water
samples [53]. This modified procedure was needed because the original THM formation
potential assay method was shown to underestimate precursor levels in high DOC samples
common in agricultural drainage [60]. Analysis of the program’s THM formation potential
data revealed a consistent relative distribution of the four THM compounds as a function
of bromine incorporation factor [61] and strong correlations were found between precursor
concentrations, THM formation potential data, and THM formation in simulated distri-
bution system samples [62,63]. Krasner et al. [21] studied water samples from the Delta
and other locations to evaluate research approaches for characterizing NOM, including its
source and nature in watersheds, its response to seasonal variations, and its potential to
form DBPs.

The relationship between Delta agricultural drainage and Delta source water quality
became clearer as the MWQI program maintained and expanded monitoring initiated under
the Delta Island Drainage Investigation program. The volume and quality of drainage
was found to correlate with seasonal farming activities and regional soils. High drainage
volumes were associated with farming activities centered on two periods. In the late
fall and early winter, fields are flooded to leach out salt accumulations from the soil,
resulting in high drainage volume and high DOC concentrations in the drainage, especially
from organic soil areas. The second peak drainage period was observed during summer
irrigation. DOC concentrations were found to be lower during the irrigation peak relative
to the leaching peak; this difference was thought to be caused by less soil-to-water contact
time and a lower water table that resulted in lower soil moisture. High DOC and THM
formation potential levels were found to be associated with the organic content of the
drained soils. The highest concentrations were typically found in drains located on peat soil
areas and the lowest from mineral soil areas [53]. Following statistical analysis of drainage
data and soil classifications proposed in CDWR [53], characteristic monthly values of DOC,
THM formation potential, and UV-254 were proposed for organic soils (i.e., high-range
DOC soils), intermediate organic soils (i.e., mid-range DOC soils), and mineral soils (i.e.,
low-range DOC soils); these are documented in CDWR [64] and summarized in Figure A2
(see Appendix A).

http://www.water.ca.gov/waterdatalibrary/


Water 2022, 14, 3426 11 of 30

4.1.3. Modeling

Prior to 1990, efforts to develop a comprehensive modeling framework—following
a recommendation from the 1982 expert panel report [35]—was limited to testing avail-
able software from USEPA, including a pesticide model (EXAMS) and two water quality
transport models (QUAL2E and WASP3) [37]. Absent a transport model, a simple water
balance approach was utilized to estimate Delta drainage contributions to THM forma-
tion potential in channel waters during the leaching and irrigation periods of water year
1988 [39]. Beginning in 1990, the MWQI program collaborated with the CDWR Delta
Modeling Section to develop a framework for modeling THM precursor fate and transport
in the Delta. Early model development was documented in a CDWR Division of Planning
report [65], the CDWR Delta Modeling Section’s “Methodology for Flow and Salinity Esti-
mates in the Sacramento–San Joaquin Delta and Suisun Marsh” series [66–71], and other
publications [72–76]. Aspects of this early model development that focused on organic
precursor fate and transport provided a foundation for today’s MWQI forecasting work.

4.2. Evaluating Potential Baseline Changes: The CALFED Years (1996–2005)

The CALFED years, nominally spanning 1996 through 2005, reflect a period of change
from the early years of the MWQI program. Prior to 1996, most of the work done by the
program was completed in response to water agency concerns over the contaminants in the
source water of the Delta and focused on existing problem definition and possible solutions.
With the 1994 Bay-Delta Accord among state and federal agencies with management
responsibilities over the Delta, and expansion of the interagency CALFED process [16], the
MWQI program expanded its scope to address potential changes in land use, water storage,
and conveyance. A summary of program activities during this era is provided below.

4.2.1. Water Treatment Technology and Regulations

During the CALFED years, two clusters of USEPA drinking water regulations were
promulgated: the Enhanced SWTRs [44,51,52] and the DBP Rule [44,45]. In response to
these rules, the CALFED program established targets for providing safe, reliable, and
affordable drinking water as either: (i) average bromide concentrations of 50 µg/L and
3.0 mg/L TOC concentrations at southern and central Delta drinking water intakes or (ii) an
equivalent level of public health protection using a cost-effective combination of alternative
source waters, source control, and treatment technologies [77]. The CALFED targets were
predicated, in part, on data and information developed through the MWQI program.

Because the CALFED targets could not be feasibly achieved in the short time frame
required to comply with the promulgated rules, water agencies participating in the MWQI
program generally adopted advanced treatment technologies during this era that went
beyond the best available technologies outlined in response to the new USEPA drinking
water regulations. Typical advanced treatment technologies included GAC adsorption with
chlorine as the primary and secondary disinfectant or ozone and chloramines as the primary
and secondary disinfectants, respectively. By the end of 2005, more than 70 percent of the
combined treatment capacity of the agencies employed ozonation (Figure 2), including
Metropolitan’s 326 million gallon per day (mgd) Mills plant and 750 mgd Jensen plant,
which treat Delta water from the east and west branches of the California Aqueduct,
respectively. Nonetheless, continued efforts to develop a Delta “fix” were made to address a
possible future tightening of the USEPA regulations and/or to reduce the costs of operating
the advanced treatment technologies in place.

4.2.2. Data Collection & Analysis

The MWQI discrete water quality monitoring network was scaled back during the
CALFED years, resulting in a network of 11 routine sampling locations by 2005 [78] that
was more reflective of the IDHAMP network of the late 1980s. During this time, analysis of
organic DBP precursors in channel waters shifted away from formation potential testing
and the surrogate UV-254 measurement. THM formation potential testing was discontinued
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in 1998, reflecting a growing concern that it did not adequately represent formation in
drinking water and could be misinterpreted [79]. While UV-254 data continued to be
collected, their use for analysis was deemphasized because consistent spatial and temporal
relationships with DOC could not be found [79] and was observed to vary from one
NOM type to another. For example, agricultural drainage from peat soils (high in humic
content) was found to have a UV-254:DOC ratio of 0.044–0.050 cm−1/mg/L, whereas
agricultural drainage from mineralized soils (lower in humic content) was found to have
a ratio of 0.035–0.370 cm−1/mg/L [21]. To place these ranges in context, the Sacramento
and San Joaquin rivers are characterized by UV-254:DOC ratios of approximately 0.022 and
0.027 cm−1/mg/L, respectively. The Colorado River, outside the study area watershed,
represents a source water low in humic content and has a ratio of 0.015 cm−1/mg/L.
Discrete monitoring of nutrients was resumed in 2002 after being discontinued for several
years. Greater emphasis was placed on data analysis, given interest in (i) potential adverse
effects of nutrients on finished drinking water quality, (ii) examining their seasonal and
spatial trends [20], and (iii) studying their effects on in-channel production of organic
carbon [80]. Published program annual reports provide greater detail on MWQI’s discrete
water quality monitoring during the CALFED years [79–83].

MWQI program efforts to conduct real time monitoring and disseminate the data
on the internet were initiated during the CALFED years. The first TOC analyzer was
installed along the Sacramento River at Hood in 1999 in support of a pilot study of real
time organic carbon monitoring [84]. TOC analyzers were later installed at Banks Pumping
Plant in 2001 and along the San Joaquin River at Vernalis in 2005. The capabilities of several
instruments were evaluated [85]. Anion analyzers were also installed at these locations to
collect continuous data on bromide, chloride, nitrate, and sulfate [86]. These installations
are believed to be the first to take continuous measurements of organic carbon, bromide,
and other anions in United States waters and to publish the data immediately on the
internet [87].

MWQI program staff published several peer-reviewed journal articles on laboratory
methods during the CALFED years. While most of these articles related to measurement
of THM precursors from organic soils [88–91], one focused on measurement of microbial
contamination in natural waters [92]. The latter examined Giardia and Cryptosporidium,
which are pathogens of concern in the Enhanced SWTR.

4.2.3. Modeling

The CALFED Delta Drinking Water Council recommended a multi-faceted assess-
ment program that included preliminary establishment of baseline Delta water quality
conditions [93]. A workgroup was formed in 1999 and tasked with developing a model
simulation of historical water quality conditions in the Delta [94] to (i) develop confidence
in a previously developed hydrodynamic and water quality model of the Delta to establish
baseline conditions for salt and organic carbon transport and (ii) establish error bounds for
future simulation results. The model in question was the Delta Simulation Model version 2
(referred to as DSM2) [95]. CDWR [96] documents a DSM2 model validation study con-
ducted in support of this CALFED effort. The validation study simulated transport of
DOC and UV-254 from October 1990 through December 1997 and employed an approach
documented in Jung [94] to characterize Delta island return water quality; this approach
built upon earlier work documented in CDWR [64].

CDWR’s Delta Modeling Section, acting as a program partner to the MWQI pro-
gram, continued DSM2 model development for simulating DBP organic precursor trans-
port throughout the CALFED years. Model development activities included formulating
planning-level precursor boundary conditions [97] and implementing an algorithm to sim-
ulate the transfer of DOC from peat soils to Delta channels (due to leaching and microbial
decay) when Delta islands are flooded [98,99]. This algorithm was used for evaluation of
the proposed Delta Wetlands project, a project to store water on two Delta islands [100] and
a major levee break in 2004 on the Jones Tract in the Delta [101].
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Following the MWQI program’s early success implementing real time monitoring in
the Delta, proof-of-concept efforts were launched to utilize available modeling tools to fore-
cast drinking water quality constituents of concern, notably bromide and DOC [102–104].
To support water quality forecasting capabilities beyond the Delta region, the DSM2 mod-
eling platform was used for initial development of a water quality transport model of the
California Aqueduct, South Bay Aqueduct, and Delta-Mendota Canal systems [105,106].
These nascent efforts ushered in a new MWQI program focus on providing decision support
for SWP operation, as described in Section 4.3.

4.2.4. Targeted Science Studies

Scaling back of the MWQI discrete water quality monitoring network during the
CALFED years was accompanied by a greater program emphasis on targeted science
studies related to a broad range of Delta drinking water issues. These studies tended to
focus on specific aspects of source waters, contaminant loading, measurement methods and
instrumentation, and climate and hydrology. They were conducted to: (i) investigate the
origins, fate, transport, and, in some cases, loads of current and emerging contaminants of
concern; (ii) investigate seasonal patterns and trends of constituents and examine circulation
patterns of contaminants; (iii) refine modeling assumptions; and (iv) assess the impacts
of increasing urbanization on levels of water quality constituents of concern. Key studies
conducted by the MWQI program, some in collaboration with outside agencies and/or
consultants, are listed chronologically in Table A2 (see Appendix A). For example, Jung
and Weisser [107] studied flooded peat soil environments, as there were various proposed
projects (e.g., the Delta Wetlands project) that were considering using flooded islands for
water storage.

4.3. Providing Decision Support for SWP Operations: The RTDF Years (2006–Present)

The MWQI program was expanded during 2002–2006 with the incorporation of real
time data collection and water quality forecasting. The expansion occurred in phases
as new sensors and data dissemination were deployed (e.g., [108]); these new program
elements are collectively referred to as Real Time Data and Forecasting (RTDF). For the
purpose of this narrative, 2006 is defined as the first year when these elements were in stable
operation. The objective of RTDF was to enhance the ability of drinking water agencies to
make informed operational decisions based on observed and forecasted changes in Delta
water quality [24]. Program activities during this contemporary era were documented in
CDWR’s Bulletin 132 series beginning in 2012 [5,109–111].

As part of this work, 14 participating water contractors were surveyed to understand
their current use of MWQI’s real time and forecast data. The survey asked each contractor
about the locations where they monitor water quality and how their agency used the
water quality data. Responses were then categorized and compiled as shown in Figure A3
(see Appendix A). The survey revealed that use of the RTDF website to check on current
conditions was commonplace, especially data reported through real time sensors. The
main use of MWQI water quality data is to provide an early warning of changes in source
water quality. Contractors also reported special interest in metrics that might affect their
water treatment processes, particularly over short-term horizons. Specific examples of
contractor uses of RTDF data, obtained in the survey responses, include tracking (i) bromide
concentrations to allow adjustment of ozone dosage during treatment, (ii) cyanobacteria
levels to address potential taste and odor concerns, (iii) pH and alkalinity, which can affect
treatment effectiveness, (iv) organic carbon concentrations (and related measurements) to
plan for coagulant dosage, and (v) the contribution of San Luis Reservoir releases, which
can affect water quality in the California Aqueduct relative to flows coming directly from
the Delta.

To satisfy additional real time water quality data needs by the participating water
contractors, monitoring of taste and odor compounds and cyanobacteria was initiated by
the MWQI program during this era. Taste and odor compounds are sampled weekly all
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year throughout the SWP (at selected reservoirs, Delta pump station inlets and at selected
locations on the California Aqueduct). Cyanotoxins are collected across the SWP system
monthly in May and April, and twice a month from June to October. If toxins are detected,
the sampling frequency is increased to weekly. These data have helped inform water
contractor operations. Specifically, given that most of the participating water contractors
have a defined trigger level for source water taste-and-odor compounds, such timely
information can inform decisions related to real time water treatment. The MWQI program
is currently evaluating real time sensors for chlorophyll and phycocyanin to possibly serve
as early warning detection of harmful algal blooms.

The well-established MWQI program has also provided a unique environment for
participating water contractors and CDWR to interact on a regular basis. It has become a
forum where the contractors can bring their source water quality concerns to address either
a new or proposed regulation or to seek assistance on issues related to the operation of
the SWP. Ultimately, these issues may be resolved with other CDWR personnel outside of
the MWQI Program, but the MWQI program serves as a resource for locating assistance.
For example, water contractors received notification about a new herbicide (Endothall),
which would be used to treat aquatic vegetation in the SWP. Due to water quality concerns
about the residual herbicide concentration, the contractors and CDWR discussed the issue
extensively at MWQI meetings and ultimately developed a monitoring plan to study the
fate and transport of the herbicide in the SWP, which was implemented and supported
by CDWR.

As another example of interagency coordination, CDWR periodically receives requests
from water agencies to transport non-SWP water (typically groundwater) or to transfer
water between agencies through the California Aqueduct. These are generally referred
to as non-project water turn-ins. The water contractors have raised concerns about such
requests in the past; these concerns have related primarily to groundwater quality. To
address these concerns, the contractors collaborated with CDWR to establish a facilitation
group, which sets an approval process (including minimum water quality criteria) for each
turn-in request. An annual report is produced by CDWR to document turn-ins and their
impact on downstream water quality [112].

4.3.1. Water Treatment Technology and Regulations

While drinking water regulations have continued to evolve since 2006, they have had
varied influence on the treatment of Delta source waters. The shift from chlorination as a
primary disinfectant toward ozonation has continued since 2005. By 2020, about 85 percent
of the combined treatment capacity of the participating agencies employed ozonation
(Figure 2). In the current era, drinking water regulations have played a reduced role in
driving MWQI program activities. However, that trend would likely reverse if new regula-
tions were implemented. Examples of new DBPs being considered for regulation include
four additional brominated HAAs and nitrosamines (such as N-nitrosodimethylamine or
NDMA) [113]. In waters high in bromide, such as Delta waters, the five currently regulated
HAAs may only represent around half of the concentration of the nine HAAs [114]. Certain
pharmaceuticals discharged from wastewater treatment plants react with chloramines to
form NDMA in drinking water [115]. The participating MWQI agencies that use ozone as
the primary disinfectant use chloramines as the secondary disinfectant; thus, NDMA is
produced at many of their water treatment plants.

4.3.2. Data Collection & Analysis

The MWQI discrete monitoring network has changed little since the CALFED years
(Figure 1), with routine monitoring locations sampling for bromide, TOC, DOC, nutrients,
standard minerals, and chlorophyll on a monthly basis [78,116]. The total number of
discrete monitoring locations may change year to year based on need of special studies.
The MWQI program discontinued publication of its annual data reports after water year
2009; however, the program continues to make its data available online through the CDWR
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Water Data Library. Representative time series of discrete sample bromide and TOC data
from Banks Pumping Plant are shown in Figure 3.
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Figure 3. Representative data from the MWQI Program at the Banks Station: (a) Bromide (Br−) and
(b) TOC. Data are downloaded from the California Water Data Library (WDL Water Quality Data
(ca.gov), accessed 21 July 2021).

The MWQI program was expanded during 2002–2006 with the initiation of real time
data collection and water quality forecasting. The key elements of this expansion include
construction and on-going management of real time monitoring sites, systematic production
of water quality forecasts, and management and dissemination of information generated by
the program expansion [24]. The objective of this program expansion was to enhance the
ability of drinking water treatment plant operators to make informed operational decisions
based on observed and forecasted changes in Delta water quality [117].

Five real time monitoring stations are operated and maintained by the MWQI program;
four of the stations are located in the Delta and one is located south of the Delta (Figure 1).
The Delta stations include Hood (located on the Sacramento River near the town of Hood
upstream of most Delta influences—see Figure A4 in Appendix A), Vernalis (located on
the San Joaquin River near the town of Vernalis upstream of most Delta influences), Banks
Pumping Plant (located at the head of the SWP), and Jones Pumping Plant (located at
the head of the Delta-Mendota Canal, which provides water to the CVP). The southern
station, Gianelli, is located along the SWP at the Gianelli Pumping-Generating Plant on
O’Neill Forebay below San Luis Reservoir. Data, collected from 46 field sensors at the five
monitoring stations, measure several key water quality constituents, with organic carbon
(both TOC and DOC) and bromide being the primary focus. Of the 46 sensors, 31 are
operated by the MWQI program while the remaining sensors are operated by other entities
such as the U.S. Geological Survey, the San Luis Delta Mendota Water Authority, and other
CDWR programs. Table 1 summarizes MWQI real time station names, California Data
Exchange Center (CDEC) identifications, and water quality parameters collected by the
MWQI program and other entities; parameters collected by other entities are referred to as
“non-program” parameters in the table.

ca.gov
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Table 1. MWQI Real Time Stations and Parameters.

Station Name CDEC ID Installation Date MWQI Program Parameters Non-Program Parameters
(Collected by Non-MWQI Programs)

Sacramento
River at Hood SRH 1999 TOC, DOC

Water: Chlorophyll, EC, Dissolved Oxygen,
pH, Temperature, Turbidity

Atmospheric: Solar Radiation, Temperature,
Wind Speed and Direction

San
Joaquin River

at Vernalis
SJR 2005 TOC, DOC, Bromide, Chloride, Nitrate,

Sulfate

Water: Chlorophyll, EC, Dissolved Oxygen,
pH, Temperature, Turbidity

Atmospheric: Solar Radiation, Temperature,
Wind Speed and Direction

Banks
Pumping Plant HRO 2001

TOC, DOC, Bromide, Chloride, Nitrate,
Sulfate, EC, Temperature, Dissolved

Oxygen, pH, FDOM, Algal Fluorescence

Water: EC, pH, Temperature, Turbidity,
Fluorescence, Pump Discharge

Atmospheric: Temperature,
Wind Speed and Direction

Jones
Pumping Plant TRP 2009

TOC, DOC, Bromide, Chloride, Nitrate,
Sulfate, EC, Temperature, Dissolved

Oxygen, pH, FDOM, Algal Fluorescence
Water: EC, Temperature, Pump Discharge

Gianelli ONG 2012
TOC, DOC, Bromide, Chloride, Nitrate,

Sulfate, EC, Temperature, Dissolved
Oxygen, pH, FDOM, Algal Fluorescence

Water: Pump and Generation Discharge

Note: Abbreviations and definitions: EC = electrical conductivity (surrogate for salinity); TOC = total organic
carbon; DOC = dissolved organic carbon; FDOM = Fluorescent Dissolved Organic Matter (refers to the fraction
of organic matter that fluoresces). Algal fluorescence refers to the detection of cyanobacterial and algal cells via
measurement of fluorescence from specific pigments.

Although the MWQI program discontinued measurement of UV-254 as a surrogate
for organic carbon, efforts continue to find a useful real time surrogate. Recent efforts
have focused on the use of fluorescence of dissolved organic matter (FDOM) as a real
time surrogate for DOC; preliminary results appear promising [118]. The U.S. Geological
Survey has been using FDOM sensors in the Delta since 2014 and has found it to be a strong
predictor of DOC concentration [119,120]. Real time monitoring data, along with the daily
water quality report, are posted on the SWC RTDF web page at http://rtdf.info/ (accessed
on 8 October 2022). This web page provides links to CDWR’s Water Data Library, CDEC,
and the daily MWQI water quality report.

4.3.3. Modeling

Modeling during the early RTDF years focused on developing and enhancing DSM2
forecast simulation capabilities for salinity (specific conductance), bromide, and DOC
in the Delta and the downstream aqueduct systems [106,121–123] and conducting tool
validation [124]. Most of this work was conducted by CDWR’s Delta Modeling Section. As
modeling tools matured, CDWR’s Division of Operations & Maintenance (O&M) became
a program partner and began producing water quality retrospective simulations and
21-day forecasts on a routine basis [125]. The retrospective simulations also characterize
Delta water quality through fingerprints that quantify different source contributions (e.g.,
Sacramento River inflow, San Joaquin River inflow, Delta agricultural drainage) at fixed
locations [126,127]. The fingerprint technique has also been used to estimate the fraction of
Sacramento and San Joaquin River inflows that are wastewater-derived [22]. The program
has also routinely produced “seasonal” water quality forecasts for conditions several
months into the future. However, based on several years of experience, the utility of these
seasonal forecasts has been questioned (due to large uncertainty) and production of these
forecasts was discontinued [128].

Participating water contractors commissioned the development of a DSM2 emu-
lator that employed artificial neural network technology, a common machine learning
technique [129]. This model was developed to provide an alternate, easy-to-use tool with
greatly reduced run times. However, to date, the tool has not been adopted as part of the
MWQI suite of forecasting tools.

http://rtdf.info/
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Concerns about low alkalinity levels in exported Delta waters have been raised by
participating MWQI agencies, prompting the program to develop capabilities to simulate
and forecast bicarbonate fate and transport in the Delta. While moderately low alkalinity
levels can improve the effectiveness of the coagulation process in water treatment plants,
especially when aluminum sulfate is used as a coagulant, extremely low alkalinity levels
can depress pH levels and can result in TOC re-stabilization [130]. These new forecasting
capabilities were implemented in 2021.

Information from MWQI’s routine monitoring and modeling efforts are disseminated
in a variety of ways. Discrete and real time data are posted in CDWR’s Water Data Library
and in CDEC (https://cdec.water.ca.gov/ accessed on 8 October 2022), respectively. A
daily water quality report, distributed electronically via email, contains a summary table
of real time station data, links to water quality forecasts, and a brief synopsis of current
events in and around the Delta. The summary table is updated daily and provides mean
daily values, seven-day averages and the percent change over the seven days. Finally,
monitoring data and model output, along with the daily water quality report, are posted
on the SWC Real Time Data and Forecasting web page at http://rtdf.info/ (accessed on
8 October 2022). This web page provides links to CDEC and the daily MWQI water quality
report. Figure 4 provides an example of observed and simulated data at Clifton Court
Forebay (located upstream of Banks Pumping Plant) that are routinely updated as part of
the MWQI program.

4.3.4. Targeted Science Studies

With an increasing emphasis on providing decision support for SWP operations
since 2006, the MWQI program has commensurately placed a decreasing emphasis on
targeted science studies in recent years. In spite of this shift in priorities, several important
studies have been conducted by the MWQI program (some in collaboration with outside
agencies and/or consultants) during the RTDF years; these are listed chronologically in
Table A2 along with relevant citations to illustrate the breadth of study. The MWQI program
additionally provided support to two key studies that examined wastewater discharges as
sources of NDMA and NDMA precursors in the Delta [22,131].

https://cdec.water.ca.gov/
http://rtdf.info/
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Figure 4. Representative fingerprint charts for Clifton Court Forebay using the DSM2 model. Sources
tracked by the model include seawater intrusion (Martinez), in-Delta agricultural return flows (Delta),
Cosumnes and Mokelumne Rivers (East), San Joaquin River at Vernalis (SJR), and Sacramento River
at Hood (Sac). Symbols show the observed concentrations at these stations.

5. Program Accomplishments & Future Directions

CDWR’s MWQI program is the most extensive and cohesive program established
to investigate the quality of Delta source water with respect to its suitability for produc-
tion of drinking water. The program has met this goal over its first three decades of
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existence by evolving in response to regulatory drivers, technology innovations, and an
ever-increasing knowledge base developed through monitoring, targeted scientific studies,
and computer modeling. In its successful quest to follow the recommendations set forth
by an expert panel in the early 1980s [34], the MWQI program has accumulated several
notable accomplishments:

• A monitoring program for constituents of human health significance was instituted,
resulting in several long-term, open access discrete water quality data sets of value to
scientists and engineers working in the Delta. The monitoring program has success-
fully balanced the competing needs of maintaining long-term data sets while allowing
for on-going adjustments in response to new science and measurement technologies.

• A computer modeling framework for the transport of DBP precursors was developed
and, along with data analysis, has been successfully employed to identify sources
of key chemical constituents, determine how contaminants from each source are
transported through the system, and determine how they affect concentrations at the
points where water is diverted from the Delta and along the SWP.

• The MWQI program has provided key information for making decisions on how
to manage the Delta and treat its waters to protect public health. For example, real
time data on DBP precursors (i.e., DOC and bromide) have provided water agencies
with information on how to best operate advanced water treatment plants. This
information has supported participating water agencies in their decisions to adopt
new water treatment technology; it has also supported the development and update
of watershed sanitary surveys of the SWP.

• Real time data collection and water quality forecasting was initiated to enhance the
ability of drinking water agencies to make informed operational decisions based
on observed and forecasted changes in Delta water quality. Key elements of this
operational support include construction and on-going management of five real time
monitoring sites, systematic production of water quality forecasts, and management
and dissemination of generated information. The MWQI program is believed to be
the first in the United States to conduct continuous, real-time monitoring of organic
carbon, bromide, and anions and to publish the data immediately on the internet.

The MWQI program, an on-going collaboration between CDWR and participating
water agencies, has been designed and managed to be flexible and pro-active in order to
address new drinking water quality challenges as they arise. The program’s monitoring
network, its frequency of data analysis and reporting, and its modeling tools—all of which
have evolved over the past three decades—are collectively an effective “finger on the pulse”
for Delta and SWP water quality that allow program participants to proactively manage
risks by adjusting treatment processes, changing source water blends, or applying other
operational tools to obtain optimal source water quality. Given the program’s founding
principles that drinking water quality concerns will continue to change and that it must
adapt to address new challenges, future directions will likely be guided by a host of
factors that may trigger changes in treatment plant processes and operations and Delta
source water quality, including (but not limited to) identification of emerging contaminants,
changes in land and water management practices, Delta island flooding, sea level rise, and
climate change [132].
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data in their regular operations.

Table A1. SWP Watershed Sanitary Surveys.

MWQI Era Year Focus Reference(s)

Early Years 1990

This survey focused on reviewing available water quality data and providing an inventory of
contaminant sources in the Sacramento, San Joaquin, and Tulare watersheds and along the
aqueducts, with minimal focus on the contaminant sources in the SWP reservoir watersheds. The
survey determined that the most significant water quality degradation in the SWP system occurs
between the Sacramento River at Greene’s Landing near Hood and the south Delta export facilities at
Banks and Jones Pumping Plants (see Figure 1). The major sources of this degradation were
identified as agricultural drainage from Delta islands, sea water intrusion, inflow from the San
Joaquin River, and local discharges in the Stockton area and into Cache Slough.

[134]

CALFED Years

1996

This update focused on the recommendations from the 1990 survey and major changes in the
watersheds between 1990 and 1996. The update also provided more details on contaminant sources
in several reservoir watersheds (Del Valle, San Luis, Pyramid, Castaic, Silverwood, and Perris), the
North Bay Aqueduct Barker Slough watershed, and the open canal section of the Coastal Branch of
the California Aqueduct.

[135]

2001

This update, which provided more details on contaminant sources in the watersheds of the SWP
reservoirs and along the aqueducts, contained a detailed analysis of pathogen and indicator
micro-organism data from the SWP. A major objective of the update was to provide information
needed to comply with the California Department of Public Health’s Drinking Water Source
Assessment Program requirements.

[136]

RTDF Years

2006
This update, in addition to reviewing significant changes to the watersheds and their impacts on
water quality, focused on the Jones Tract levee failure and emergency response procedures and
efforts to coordinate pathogen monitoring in response to USEPA’s Enhanced SWTR.

[137]

2011

Similar to the 2006 update, this update concentrated on the key water quality issues that challenge
the SWP contractors. This update discussed effects of the 2008 U.S. Fish and Wildlife Service and
2009 National Marine Fishery Service biological opinions, recent droughts and non-SWP aqueduct
inflows on water quality, subsidence along the California aqueduct, and monitoring conducted to
comply with the Enhanced SWTR. In addition, this update assessed long-term data trends at several
locations in the Delta and along the aqueducts.

[138]

2016
This update, in addition to evaluating key SWP water quality constituents, evaluated water quality
impacts associated with grazing and the drought spanning 2012 to 2015. A separate report on
contaminants in the San Joaquin River watershed was prepared (CDWR, 2015a).

[139]
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Table A2. Cross Section of Applied Science Studies Conducted under the MWQI Program.

MWQI Era Study Name Reference

CALFED Years

Characterization of DOC from Delta Island Soils [81,140]

Coordinated Pathogen Monitoring Program for SWP [81,82]

Treatment of Delta Island Drainage to Reduce TOC Loads [81]

Delta Drainage, Surface Withdrawal, and Land Use Data [141]

Delta Island Drainage Volume Estimates 1954–1955 verses 1995–1996 [142]

The North Bay Aqueduct Barker Slough Watershed Water Quality Phase 1 Report [143]

Candidate Delta Regions for Treatment to Reduce Organic Carbon Loads [144]

Environmental Study of Dredged Materials: Grant Line Canal [145]

Seasonal Water Quality Changes in Flooded Peat Soil
Environments Due to Peat Soil, Water Depth, and
Water Exchange Rate

[107]

Water Quality Investigations of the Barker Slough Watershed, 1997–2001: North Bay Aqueduct Summary [146]

Natomas East Main Drainage Canal Water Quality Investigation [147,148]

Movement of Diuron and Hexazinone [149]

RTDF Years

Staten Island Wildlife-Friendly Farming Demonstration—Water Quality Monitoring [150]

Steelhead Creek Water Quality Investigation [151]

Jones Tract Flood Water Quality Investigations [152]

Identifying Sources of DOC using Radiocarbon Age Dating [153]

Source, Fate, and Transport of Endocrine Disruptors, Pharmaceuticals, and Personal Care Products [131]

Travel Time and Longitudinal Dispersion Rates in the California State Water Project [154]

Lathrop Urban Runoff Study [155]

Delta Salinity Constituent Analysis [58,59]

Nitrosamine Precursors and Wastewater Indicators in Discharges in the Sacramento–San Joaquin Delta [22]

Limnology of the State Water Project Nutrient Budget Study: Nutrients at the Hood Water Quality Station [156]

FDOM Final Report: A Two-Year Comparison of Dissolved Organic Carbon to Fluorescence of Dissolved
Organic Matter [118]
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