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Foreword - Establishing the Historical Baseline

The watershed of the Sacramento—San Joaquin Delta (Delta) provides drinking water to
more than 23 million Californians as well as irrigation water for millions of acres of
agriculture in the Central Valley. The Delta itself is a complex estuarine ecosystem, with
populations of many native species now in serious decline. The Delta estuary as we know it
began to form about 6,000 years ago, following the end of the last ice age. Because the
estuary is connected to the Pacific Ocean through San Francisco Bay, seawater intrusion
causes the salinity of Suisun Bay and the Delta to vary depending on hydrological
conditions. This seawater intrusion into the Delta affects estuarine species as well as
drinking water and irrigation water supplies.

Successful restoration of the Delta ecosystem requires an understanding of the conditions
under which native species evolved. Contra Costa Water District’s report on “Historical
Fresh Water and Salinity Conditions in the Western Sacramento-San Joaquin Delta and
Suisun Bay” presents a detailed review of more than 100 years of studies, monitoring data,
scientific reports, and modeling analyses that establish an historical record of the salinity
conditions in the Western Delta and Suisun Bay.
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Executive Summary

The historical record and published studies consistently show the Delta is now managed at a
salinity level much higher than would have occurred under natural conditions. Human
activities, including channelization of the Delta, elimination of tidal marsh, and water
diversions, have resulted in increased salinity levels in the Delta during the past 150 years.

Eighty years ago, Thomas H. Means wrote (“Salt Water Problem, San Francisco Bay and
Delta of Sacramento and San Joaquin Rivers,” April 1928, pp 9-10):

“Under natural conditions, Carquinez Straits marked, approximately, the
boundary between salt and fresh water in the upper San Francisco Bay and
delta region of the two tributary rivers—the Sacramento and San Joaquin.
Ordinarily salt water was present below the straits and fresh water was
present above. Native vegetation in the tide marshes was predominately of
salt water types around San Pablo Bay and of fresh water types around
Suisun Bay....

The definite statement that salt water under natural conditions did not
penetrate higher upstream than the mouth of the river, except in the driest
years and then only for a few days at a time, is warranted....

At present [1928] salt water reaches Antioch every year, in two-thirds of
the years running further [sic] upstream. It is to be expected that it will
continue to do so in the future, even in the years of greatest runoff. In
other words, the penetration of salt water has become a permanent
phenomenon in the lower river region.

The cause of this change in salt water condition is due almost entirely to
the works of man.”

In 1928, Thomas Means had limited data over a short historical period from which to draw
these conclusions. Nonetheless, his conclusions remain accurate and have been confirmed by
numerous subsequent studies, including paleosalinity records that reveal salinity conditions
in the western Delta as far back as 2,500 years ago. The paleosalinity studies indicate that
the last 100 years are among the most saline of periods in the past 2,500 years.
Paleoclimatology and paleosalinity studies indicate that the prior 1,500 years (going back to
about 4,000 years ago) were even wetter and less saline in San Francisco Bay and the Delta.
The recent increase in salinity began after the Delta freshwater marshes had been drained,
after the Delta was channelized and after large-scale upstream diversions of water, largely for
agricultural purposes, had significantly reduced flows from the tributaries into the Delta. It
has continued, even after the construction of reservoirs that have been used in part to manage
salinity intrusion.
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Increased Salinity Intrusion into the Delta

Studies and salinity measurements confirm that despite salinity management efforts, Delta
salinity is now at or above the highest salinity levels found in the past 2,500 to 4,000 years.
Under equivalent hydrological conditions, the boundary between salt and fresh water is now
3 to 15 miles farther into the Delta than it would have been without the increased diversions
of fresh water that have taken place in the past 150 years.

Reservoir operations artificially manage salinity intrusion to conditions that are saltier than
had been experienced prior to the early 1900’s. While these managed conditions are
certainly fresher than would occur in today’s altered system if operated without any salinity
management, they are still saltier than what the Delta experienced under similar hydrological
conditions in the past. While the Delta is being managed to a somewhat acceptable saline
condition to meet many beneficial uses, it is still managed at a more saline condition than
would have occurred prior to the anthropogenic changes of the past 150 years.

For example, the 1928-1934 drought was one of the driest periods in the past 1,000 years
(Meko et al., 2001a), and occurred after tidal marshes within the Delta had been reclaimed
and water diversions began removing substantial amounts of fresh water from the Bay-Delta
system. Nonetheless, the Delta freshened during the winter in those drought years. This
winter freshening of the Delta has not occurred during recent droughts. While salinity
intrusion into the Delta was previously only seen in the driest years, significant salinity
intrusion now occurs in nearly every year — exceptions are only found in the wettest
conditions.

Changed Variation in Salinity

The variability of fresh and saline conditions in the Delta has considerably changed because
of upstream and in-Delta water diversions and water exports (Enright and Culberson, 2009).
This change in variability results largely from the lack of fresh conditions in Suisun Bay and
the western Delta, especially in the winter and spring. Restoring a variable salinity regime
that more closely approximates conditions prior to the early 1900’s would require much
higher flows and much fresher conditions than current management practices provide, with
larger outflows in the fall in most years and much larger outflows in the late winter and
spring in all years.

Key Conclusions

The major conclusions of this study are:

1. Salinity intrusion during the last 100 years has been among the highest levels over the
past 2,500 years. The Delta has been predominantly a freshwater tidal marsh for the last
2,500 years.

2. Human activities during the last 150 years, including channelization of the Delta,
elimination of tidal marsh, construction of deep ship channels, and diversion of water,
have resulted in the increased salinity levels in the Delta.
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3. Conditions in the Delta during the early 1900’s were much fresher than current
conditions for hydrologically similar periods. Salinity typically intrudes 3 to 15 miles
farther into the Delta today.

4. The historical record and published studies uniformly demonstrate and conclude the
Delta is now managed at a salinity level that is much higher than would have occurred
under pre-1900 conditions. Operation of new reservoirs and water diversion facilities for
salinity management reduces salinity intrusion somewhat, but the levels still exceed pre-
1900 salinities.

5. Seasonal and inter-annual variation in salinity has also been changed; however, this
change is largely the result of reduced freshwater flows into the Delta. At any given
location in the western Delta and Suisun Bay, the percentage of time during the year
when fresh water is present has been greatly reduced or, in some cases, largely
eliminated.

Background

Flows and water quality in the Sacramento-San Joaquin Delta (Delta) are strongly influenced
by freshwater inflow from the rivers, by the tides in San Francisco Bay and by salinity from
Bay waters. Prior to human influence, the historical distribution of salinity in the Delta was
controlled primarily by the seasonal and inter-annual distribution of precipitation, the
geomorphology of the Bay and Delta, daily tides, the spring-neap " tidal cycle, and the mean
sea level at Golden Gate. Extended wet and dry periods are both evident in the historical
record. Since about 1860, a number of morphological changes to the Delta landscape and
operational changes of reservoirs and water diversions have affected flows and the
distribution of salinity within the Delta.

Between 1860 and 1920, there was significant modification of the Delta by humans:
(i) marsh land was reclaimed,

(ii) hydraulic mining caused extensive deposition and then erosion of sediment, and,
(ii1) Delta channels were widened, interconnected and deepened.

Large-scale reservoir construction began in about 1920 and continued through the 1970’s,
changing the timing and magnitude of flows to the Delta. Large volumes of water began to
be diverted for agricultural use upstream of and within the Delta in the same time period. In
more recent times, California’s Delta water resources have been extensively managed to
meet the water supply needs of the State’s municipal, industrial, and agricultural water users,
with attempts made to also provide flow and water quality conditions to meet fishery needs.

Proposals for significant additional alteration of the Delta and of flows within the Delta are
currently being developed as part of the Bay-Delta Conservation Plan process”. To

' During a spring tide, the gravitational forces from the sun and moon are largely the same direction and
the high-low tidal range is greatest. During a neap tide, the gravitational forces sun and moon are largely
not aligned and the tidal range is the lowest. The spring-neap tidal cycle, from strong spring tides through
weak neap tides and back to spring tides, in San Francisco Bay has a period of about 14 days.

? www.baydeltaconservationplan.com
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understand the effect of those proposals, it is important to accurately establish historical
conditions. For example, for ecological restoration to be successful, it is necessary to
establish and understand the conditions to which native species have previously adapted and
survived in order to predict their response to future changes in climate or water management.
This report uses available data and modeling to examine the consequences of structural
changes in the Delta (channelization, channel dredging), increased diversions of water
upstream of the Delta, reservoir operations, climate and sea level effects, and other factors on
Delta salinity.

Objective

The objective of this report is to answer two major questions regarding the historical extent
of fresh water and salinity in the western Delta and Suisun Bay:

I. What was the extent of fresh water and what were the salinity conditions prior to large-
scale reservoir operations and water diversions (i.e., prior to early 1900’s) and prior to
structural changes in the Delta (i.e., prior to the 1860’s)?

[I. What are the effects of large-scale water management practices (reservoir operations and
diversions) on salinity conditions in the western Delta and Suisun Bay?

Approach

Vil

Available data were used to characterize historical and present-day fresh water extent and
salinity intrusion into the Delta. The data examined in this report include paleohistorical
records (over geologic time scales) of river flow and salinity (Section 2), instrumental
observations of hydrology and salinity (Section 3), and literature reports on the extent of
fresh water in the Delta (Section 4). Additional details and supplemental information are
presented in the Appendices to this report.
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1. Introduction

1.1. Background

The Sacramento-San Joaquin River Delta (Delta) is fed by fresh water from the Sacramento
River and the San Joaquin River basins (Figure 1-1). The Delta is connected to the San
Francisco Bay through Suisun and San Pablo Bays, and the movement of water back and
forth between the Delta and the Bay results in mixing between saline water from the Pacific
Ocean and fresh water from the rivers flowing into the Delta. The extent to which salty
ocean water intrudes into the Delta is a function of natural processes such as ocean tides and
precipitation and runoff from the upstream watersheds. Tt has also been greatly influenced by
anthropogenic activities (e.g. construction of artificial river channels, removal of tidal marsh,
removal of floodplain connections to channels, deepening of channels for navigation
purposes, reservoir storage and release operations, and water diversions).

Proposals for significant additional alteration of Delta channels and marshland, of flows
within the Delta, and of reoperation of upstream reservoirs are currently being developed as
part of the Bay-Delta Conservation Plan, which builds upon earlier work by the Delta Vision
Blue Ribbon Task Force®, and others (e.g., see Lund et al., 2007). To understand the context
and effect of those proposals, it is important to accurately understand the historical conditions
previously experienced by Delta species.

An analysis of the salinity trends and variability in northern San Francisco Bay since the
1920’s and the factors controlling those salinity trends has recently been published (Enright
and Culberson, 2009), with a focus on a comparison of pre-1968 salinity and flows with post-
1968 conditions. This report includes analysis and review of reports, data and information
from the period prior to Enright and Culberson’s analysis, and includes the review of salinity
trends using paleohistorical data.

Historically, reproduction of most species in the Bay-Delta (biotic production phase)
occurred during the high-flow periods (winter and spring) and biotic reduction occurred in
the low-flow periods (summer and fall) (Baxter ez al., 2008). Multi-year wet periods most
likely resulted in population increases, whereas drought periods likely resulted in reduced
reproduction and increased predation. The recent report on Pelagic Organism Decline (POD,
Baxter et al., 2008) indicated that reduced flow variability under the current water
management conditions may have exacerbated the effects of predation on the population
abundance of pelagic fish species in the Bay-Delta estuary. Native species of the Bay-Delta
system adapted to the historical salinity conditions that occurred prior to large-scale water
management practices and physical changes in the Delta. The historical salinity conditions in
the Delta provide insight into the response of fish species to proposed ecosystem restoration
actions, and the response of species to future changes in climate or water management.

3 Delta Vision Blue Ribbon Task Force was appointed by California Governor Arnold Schwarzenegger in February
2007 and adopted the Delta Vision Strategic Plan in October 2008.
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Figure 1-1 — Map
(a) Topographical map of California, with outlines of the Sacramento River, Sun Joaquin River, and
Tulare Lake basins; purple rectangle indicates the extent of the inset in panel (b). (b) Sacramento —
San Joaquin Delta and Suisun Bay region, green rectangle indicates the extent of the Western Della
and Suisun Bay enlarged in panel (c). (c) Extent of salinity evaluations considered within this study,
including names of locations referenced throughout this report.
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The salinity concentrations in San Francisco Bay and the Delta are the result of tides that
move seawater into the system and are controlled in large part by the amount of fresh water
passing through the system (Denton, 1993; Uncles and Peterson, 1996; Knowles et al., 1998).
The salinity distribution is driven by the motion of the tides, which convey ocean water into
the system on the flood tide and draw a mixture of ocean and river water back out again on
the ebb tide. These tides act on natural diurnal (repeating twice per day) and spring-neap
(repeating every 14 days) cycles driven by the gravitational forces of the sun and moon
(Oltmann and Simpson, 1997; Burau et al., 1999).

Other factors affecting Bay-Delta salinity (discussed in Appendix A) may be smaller but are
not insignificant. When comparing historical salinity conditions in the Bay-Delta watershed,
it is often helpful to compare periods with similar hydrological conditions so that the changes
due to other factors can be discerned. This will reveal if there is an anomalous change in
salinity, even if the specific cause of that change in salinity is not known.

Major anthropogenic modifications to the Delta that affect salinity intrusion began with the
European settlement of the region and can be classified into two categories: physical
modifications of the landscape (e.g., removal of tidal marsh, separation of natural floodplains
from valley rivers, construction of permanent artificial river channels, and land-use changes)
and water management activities (e.g. diversion of water for direct agriculture, municipal, or
industrial use, and reservoir storage and release operations).

As shown in Figure 1-2, tidal marsh acreage in the Delta decreased significantly from nearly
346,000 acres in the 1870’s to less than 25,000 acres in the 1920’s and has since continued to
decrease. Even after hydraulic mining for gold was banned in California in 1884, large
quantities of mining debris continued to be carried by runoff into the Delta, where it was
deposited as sediment, filling channels in the Delta and Suisun Bay. Between 1887 and
1920, Suisun Bay became an erosional environment and continued to lose sediment through
1990. Enright and Culberson (2009) discuss the effects of the changes in Suisun Bay
bathymetry on salinity intrusion. Major dredging projects on the main Delta channels to
create the Stockton and Sacramento Deep Water Ship Channels (DWSC) have also changed
how flows and, therefore, salinity are distributed throughout the Delta.

Each of these factors has changed the salinity regime: loss of tidal marsh lands has allowed
increased tidal energy deeper into the Delta, increasing tidal flows and salinity dispersion
(Enright and Culberson, 2009), net erosion and increasing depth within Suisun Bay likely
increased dispersive transport of salt up the estuary (Enright and Culberson, 2009), and
deeper channels allow increased salinity intrusion due to increased baroclinic circulation and
increased tidal flow and dispersion..

However, these physical modifications generally have had less effect on salinity intrusion in
the Delta than the major water management activities that have resulted in large-scale
diversion of water for reservoir storage and agricultural, domestic, and industrial water use
(Nichols et al, 1986; Knowles, 2002). As will be seen in data presented in this document,
early diversions before large-scale storage projects resulted in greatly increased salinity
intrusion, especially in the summer irrigation season, peaking in September. Later, reservoir
operations reduced salinity intrusion in the summer and fall, but increased it in the winter and
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spring, up until the mid-1980’s. Subsequent water operations have resulted in increased
salinity intrusion year round.
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Figure 1-2 — Chronology of anthropegenic modifications to the Bay-Delta landscape
Bay-Delta landscape has undergone significant changes since the mid-1800's. Tidal marsh acreage
(top panel) has been significantly reduced (data from Atwater, et al., 1979). Suisun Bay received a
pulse of sediment from hydraulic mining in the late 1800’s (middle panel), but lost sediment from 1887
to 1990 (data from Cappiella et al., 1999). Numerous efforts to widen and deepen the main channels
within the Delta have occurred throughout the 20" Century (bottom panel).

The largest reservoir of the federal Central Valley Project (CVP), Lake Shasta, was
completed in 1945, and the largest reservoir of the State Water Project (SWP), Lake Oroville,
was completed in 1968. Total upstream reservoir storage capacity increased from 1 MAF in
1920 to more than 30 MAF by 1979. The CVP began exporting water from the southern
Delta through Jones Pumping Plant (formerly known as the Tracy Pumping Plant) in 1951,
and the SWP began exports through Banks Pumping Plant in 1968. By 1990, the combined
export of water from the southern Delta through the Banks and Jones Pumping Plants was
about 6 MAF per year.

Figure 1-3 shows that the greatest increase in upstream reservoir storage occurred from the
1920’s through the 1960’s. Prior to the construction of major water management reservoirs,
irrigated acreage grew to about 4 MAF. The construction of the reservoirs allowed irrigated
acreage to increase to about 9 MAF. Since 1951, when the first south Delta export facility
was completed, annual diversions from the Delta have increased to a maximum of about 8
MAF; total annual diversions from the system are estimated at up to 15 MAF.
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Figure 1-3 — Chronology of anthropogenic activities that affect water management
Reservoirs (top panel) and irrigated crops in the Central Valley (second panel) alter the timing and
magnitude of water flow to reach the Delta. Diversions and exports within the Delta (third panel)
further reduce the amount of water to flow through the Delta to Suisun Bay. Regulations (bottom
panel) require modifications to water management activities to meet specific flow and water quality
objectives.

Figure 1-3 also presents the timeline for recent regulatory milestones that have affected Delta
water quality. Salinity management was dominated by water quality standards to protect
Delta agriculture and municipal and industrial (M&I) uses in the 1978 Water Quality Control
Plan and State Water Resources Control Board (SWRCB) Decision 1485. The Bay-Delta
Accord of 1994 and subsequent SWRCB Water Rights Decision 1641 made fishery
protection the dominant factor for salinity management with new estuarine habitat or “X2
Standards” from February through June, with minimum outflows for the remainder of the

4 X2 is the distance, in kilometers from the Golden Gate, to the location of the 2 part per thousand salinity line. A
larger X2 means salinity has intruded farther into the Delta.
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year. The relationship between X2 and estuarine habitat is discussed in detail in Jassby et al.
(1995).

These regulations apply throughout the year and have modified how the large-scale water
management reservoirs and export facilities are operated. For instance, delta smelt was listed
as a threatened species under the federal Endangered Species Act in 1993, and Sacramento
River winter-run salmon was listed as endangered in 1994. The subsequent biological
opinions, 1994 Bay-Delta Accord, and the adoption of a new water quality control plan by
the State Water Resources Control Board in 1995, required increased reservoir releases in
some months for temperature control in the Sacramento River below Shasta and for salinity
control in Suisun Bay. They also applied additional limits on pumping at the export facilities
in the south Delta.

Changes in water diversions and reservoir operations have altered the magnitude and timing
of river flows to the Delta, and anthropogenic modifications to the Delta landscape have
altered the interaction of fresh water from the rivers with salt water from the ocean, thus
changing patterns of salinity intrusion into the Delta.

1.2. Comparing Historical Conditions

Flow and salinity conditions prior to human interference varied according to seasonal and
annual hydrological conditions, short-term and long-term drought cycles and other natural
changes, so “natural” conditions include variability that must be considered in any analysis.
Hydroclimatic variability is described by “unimpaired” runoff, which represents the natural
water production of a river basin, unaltered by water diversions, reservoir storage and
operation, and export of water to or import of water from other basins.

As discussed above, large-scale water management operations during the last 100 years
superimposed on the anthropogenic modifications to the Delta landscape have significantly
changed Delta conditions. It is possible to remove the effect that water management
operations have had on flows and generate a corresponding set of unimpaired flows.
However, it is not possible, without complex assumptions and modeling, to also remove the
additional effect of the land use, channel and tidal marsh modifications to the Delta.

The historical conditions presented in this report have been determined from records in
paleoclimatic fossils and measured directly with various scientific instruments, Thc
paleoclimatic data start well before human influence, but continue through the 20" Century
when anthropogenic modifications became significant.

Because of the natural hydroclimatic variability, no past historical period may fully represent
“natural” conditions. Therefore, this report summarizes the available historical salinity
information with reference to the time period of the observations, and then compares each
period to the salinity regime during present day periods with similar upstream unimpaired
hydrology. Where there are significant changes in salinity, despite similar upstream
unimpaired hydrology, other factors such as landscape modifications and water management
operations must be contributing factors.
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1.3. Objective

The objective of this report is to answer two major questions regarding the historical extent
of fresh water and salinity in the western Delta and Suisun Bay:

I. What was the extent of fresh water and what were the salinity conditions prior to large-
scale reservoir operations and water diversions (i.e., prior to early 1900’s) and prior to
structural changes in the Delta (i.e., prior to the 1860’s)?

II. What are the effects of large-scale water management practices (reservoir operations
and diversions) on salinity conditions in the western Delta and Suisun Bay?

1.4. Report Structure

The remainder of this report is organized as follows:
Section 2: Paleoclimatic Evidence of the Last 10,000 Years

Estimated river flow data and salinity records for the past several thousand years have been
obtained from paleoclimatic records, such as tree rings and sediment cores. These records
capture the hydroclimatic variations over decadal and centennial time scales and are useful
tools in understanding the freshwater flow and salinity regimes before modern
instrumentation.

Section 3: Instrumental Observations of the Last 140 Years

Long-term precipitation and river runoff records from the 1870’s to the present provide
context for the salinity observations. Climatic variability of precipitation and runoff in the
upper watershed has a significant influence on salinity intrusion, with greater salinity during
dry periods and lower salinity during wet periods. If, for example, the salinity is greater or
less than what would be expected based on the natural climatic variability, as measured by
unimpaired runoff, other factors must be influencing salinity intrusion.

Reservoir operations, diversions and consumptive use (collectively termed “water
management”) alter the amount of runoff from the upper watershed that actually flows out of
the Delta. Observations and common computer models are used to assess the effects of this
water management on Net Delta Outflow (the net quantity of water flowing from the Delta to
the Suisun Bay) and on salinity in the western Delta and Suisun Bay. Observations include
measurements of salinity indicators by the California & Hawaiian Sugar Refining
Corporation (C&H) from the early 1900’s and long-term monitoring data from the
Interagency Ecological Program (IEP). Modeling tools include the DAYFLOW program
from IEP, the DSM2 model from the California Department of Water Resources, the X2’

% X2 is defined as the distance from the Golden Gate to the 2 part-per-thousand isohaline (equivalent to a salinity of
2 grams of salt per kilogram of water), measured along the axis of the San Francisco Estuary. X2 is often used as
an indicator of freshwater availability and fish habitat conditions in the Delta (Jassby et al., 1995; Monismith,
1998).
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equation (Kimmerer and Monismith, 1992) and Contra Costa Water District’s salinity
outflow model (also referred to as the G-model) (Denton, 1993; Denton and Sullivan, 1993).

Section 4: Qualitative Observations of Historical Freshwater Flow and Salinity
Conditions

Qualitative observations on salinity conditions in the western Delta and Suisun Bay from an
early water rights lawsuit and from various literature reports are discussed to provide a
perspective of the salinity conditions prevailing in the late 1800’s and early 1900’s. The
1920 lawsuit filed by the Town of Antioch against upstream irrigation districts alleged that
the upstream water diversions were causing increased salinity intrusion at Antioch (Town of
Antioch v. Williams Trrigation District, 1922). Briefings and testimony from the legal
proceedings are indicative of the salinity conditions prevailing in the early 1900’s, as are
literature reports of conditions in the western Delta and Suisun Bay. These reports contain
both qualitative observations and anecdotal information regarding historical salinity
conditions. Because the proceedings were adversarial in nature, this report focuses on the
testimony of the upstream interests, who were trying to demonstrate the extent of salinity
intrusion in the Delta prior to their diverting water. Note that the Supreme Court did not base
its final decision on the evidence of whether or not Antioch had continuous access to fresh
water. The Court’s decision was based on the State policy to irrigate as much land as
possible for agriculture; the Court did not pass judgment on the accuracy of the testimony of
either side.

Section 5: Conclusions

This section synthesizes the findings from Sections 2 through 4 and presents the overall
conclusions regarding trends in the historical Delta salinity.
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2. Paleoclimatic Evidence of the Last 10,000 Years

Paleoclimatic evidence from the watershed of San Francisco Bay (Bay) and Sacramento-San
Joaquin Delta (Delta), obtained from proxy information such as tree rings and sediment
deposits, provides a history of conditions before modern direct instrumental observations.
Evidence of major regional climatic events that represent long-term wet period and drought
cycles will be discussed, followed by discussions of Delta watershed runoff and Delta
salinity, as measured by flow and electrical conductivity instrumentation.

2.1. Major Regional Climatic Events

The modern Bay-Delta is relatively young in terms of geologic timescales. The estuary
started forming around 8,000 to 10,000 years ago (Atwater et al. 1979), when rapid sea level
rise allowed the ocean to enter the Golden Gate. At this time, there was no Bay or Delta, but
simply river valleys. Rapid sea level rise continued, such that approximately 6,000 years
ago, the outline of San Francisco Bay, including San Pablo Bay and Suisun Bay, resembled
the modern extent. At about the same time, sea level rise slowed to a more moderate pace,
allowing tidal marshes to begin to form.

Malamud-Roam et al. (2007) review paleoclimate studies in the Bay-Delta watershed,
summarizing evidence of climate variability through the development of the present day Bay-
Delta system (Table 2-1).

Table 2-1 — Climate during the evolution of the Bay-Delta estuary
Overview of precipitation, temperature, and sea level conditions during the last 10,000 years based on
data from Malamud-Roam et al. (2007) and Meko et al. (2001). Time periods are given in terms of
number of vears ago (vepresented as age, a: or ka for 1.000 year ago) and the Common Era (BCE/CE)
calendar system. The shading indicates relatively dry periods.

‘;,I:i 20;;’;‘;33 Prevailing Climate and Geomorphology
10 kato 8 ka = Rapid sea level rise
8000 BCE to 6000 BCE = Ocean enters Golden Gate
= San Francisco Bay is just a river valley
= Cooler than 20th Century, but becoming warmer and
drier
6 kato5ka = Sea level rise slows to more moderate pace

4000 BCE to 3000 BCE = Outline of San Francisco Bay resembles modern
extent
= Tidal marsh begins to form in the Delta
* Temperature reaches a maximum of the last 10,000
years
= Relatively dry conditions
» (Central Valley floodplain system began to develop
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Approximate
Time Period
4kato2ka = Cooling trend with increased precipitation

2000 BCEto | CE = Large flood occurred ~ 3,600 years ago (1600 BCE)

Prevailing Climate and Geomorphology

2kato0.6ka » Trend to more arid, dry conditions
1 CE to 1400 CE = Severe droughts:
= 1,100 to 850 years ago (900 CE to 1150 CE)
= 800 to 650 years ago (1200 CE to 1350 CE)
0.6 kato 0.2 ka = Relatively cool and wet conditions
1400 CE to 1800 CE =  Numerous episodes of extreme flooding
= Includes “Little Ice Age” (1400 CE to 1700 CE)
90ato50a * Dry period in the Sacramento River Basin.
1910 CE to 1950 CE = Longest dry period in the last 420 years
(34 years centered on the 1930°s)
= Driest 20-year period in the last 370 years
(1917 CE to 1936 CE)

A number of scientific studies have used paleo-reconstruction techniques to obtain long-term
(decadal, centennial and millennial time scale) records of river flow (e.g., Earle, 1993; Meko
et al., 2001) and salinity of the Bay and Delta (e.g., Ingram and DePaolo, 1993; Wells and
Goman, 1995; Ingram et al., 1996; May, 1999; Byme et al., 2001; Goman and Wells, 2000;
Starratt, 2001; Malamud-Roam and Ingram, 2004; Malamud-Roam et al., 2006, Malamud-
Roam et al., 2007; and Goman et al., 2008). The reconstructions described in the following
sections focus on the 2,000 years before present. As indicated in Table 2-1, this period was
relatively dry with two extreme regional droughts, followed by relatively cool and wet
conditions during the “Little Ice Age,” then by a return of dry conditions at the early part of
the 20" Century.

2.2. Reconstructed Unimpaired Sacramento River Flow

Meko et al. (2001a,b) used tree-ring chronologies in statistical regression models to
reconstruct time series of annual unimpaired Sacramento River flow® for approximately the
past 1,100 years (for the period 869 CE — 1977 CE). As discussed in Section 1.2, unimpaired
flow is an estimate of the flow that would occur in the basin without the effects of water
management activities.

The 1,100-year record shows strong variability between individual water years (Figure 2-1),
with annual flow ranging from approximately 8% of average to 265% of average, where
average is defined here for practical purposes as the average observed unimpaired flow from

) Meko et al. (2001a) used the annual unimpaired flow record for the Sacramento River provided by the Department

10

of Water Resources, which is the sum of the following: flow of the Sacramento River at Bend Bridge, inflow of
the Feather River to Lake Oroville, flow of the Yuba River at Smartville, and the flow of the American River to
Folsom Lake. This definition is consistent with the definition typically used in hydro-climatic studies of this
region (e.g., http://cdec.water.ca.gov/cgi-progs/iodirt/ WSTHIST )
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1906 to 2009 of 18 million acre-feet per year (MAF/yr). The reconstructed record shows
alternating periods of wet and dry conditions and is consistent with historical droughts (such
as the drought in the Mono Lake region of California in the medieval period, around 1150
CE) reported by other paleoclimate studies (Malamud-Roam ef al., 2006).

As indicated by the shading in Figure 2-1, the driest long-term drought in the Sacramento
River basin in the last 1,100 years occurred from approximately 1130 CE to 1415 CE when
the 50-year average flow was seldom above normal for nearly 300 years. Following this
drought, conditions were relatively wet (from approximately 1550 CE to 1900 CE). The
timing of these droughts and wet periods will be compared to paleosalinity records in the
following section.
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* Average of 1906-2009 Observed Runoff is 18 MAF/yr.

Figure 2-1 — Reconstructed annual unimpaired Sacramento River flow 869 CE to 2009 CE
Annual reconstructed unimpaired Sacramento River flow (grey line) as a percentage of the average
annual observed runoff from 1906 to 2009 shows strong variability between years. The 30-year
running average (thick black line) illustrates there were extended periods of above-normal and below-
normal runoff conditions. The orange shading highlights an extended dry period in the reconstructed
unimpaired Sacramento River data when the 50-year average flow is seldom above normal for nearly
300 years. Data for 869 CE to 1905 CE were reconstructed by Meko et al. (2001b); data for 1906 CE
to 2009 CE are observed records from the California DWR (2009).
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Meko et al. (2001a) indicated that for their 1,100-year reconstructed period, the 1630-1977
data are more reliable than the earlier time period, because of better availability of tree-ring
information and superior regression model statistics. Figure 2-2 shows the reconstructed
time series of annual unimpaired Sacramento River flow from 1630 to 1977 from Meko et al.
(2001b). The inset in Figure 2-2 shows there is a good match between the reconstructed
flows (grey line) and the observed annual flows (red line) during the period of overlap
between the reconstructed and observed records (from 1906 to 1977).

Multi-decadal periods of alternating wet and dry conditions are pervasive throughout the
reconstructed record. The wet conditions of the late 1800’s and early 1900’s, which were
followed by severe dry conditions in the 1920’s and 1930’s, are consistent both with
observed precipitation and estimated Sacramento River runoff for these time periods (see
Section 3) and with literature reports of historical conditions (see Section 4).
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Figure 2-2 — Reconstructed annual unimpaired Sacramento River flow from 1630-1977.
Annual reconstructed unimpaired Sacramento River flow (grey line in main panel and inset) for the
1630 to 1977 time period was identified by Meko et al. (2001a) as the most accurate period of
reconstruction. Inset panel illustrates the comparison between observed (red) and reconstructed (grey)
unimpaired flows during the overlap period. The mean of the reconstructed unimpaired flow for 1630-
1977 is 17.7 MAF/yr (dashed horizontal line in main panel). The 5-year centered running average
(thick solid blue line in main panel) illustrates the decadal trends.

Meko et al. (2001a) identified the severe drought periods in the reconstructed Sacramento
River flow record (1630-1977) by computing the lowest n-year moving average. For
instance, to determine the most severe 6-year drought, Meko ef al. calculated the moving
average using a 6-year window for the entire data set and then identified the lowest 6-year
average. Meko et al. found that the period from the early 1920’s to late 1930’s experienced
the lowest 6-year, 10-year, 20-year, and 50-year averages (or droughts), both in the
reconstructed and observed records. The observed droughts in Table 2-2 have been updated
through present (1906-2009) using the same analysis; this update did not change the drought
time periods identified by Meko et al. The reconstructed record of unimpaired Sacramento
River flow shows the period from early 1920’s to late 1930’s experienced some of the worst
drought conditions since 1630. Additional data are presented in Appendix B.

Table 2-2 — Periods of drought from the reconstructed and observed records of

unimpaired Sacramento River flow
Severe drought periods in the reconstructed Sacramento River flow record (1630-1977) were
determined by Meko et al. (2001a) by computing the lowest n-year moving average of the
reconstructed annual unimpaired Sacramento River flow. The same method was used to determine the
most severe droughts of the observed record (1906-2009).

Period of lowest n-Year moving average Sacramento River flow
1-Year 3-Year 6-Year 10-Year 20-Year 50-Year
Reconstruction 1775 to 1929 to 1924 to 1917 to 1912 to
(1630-1977) 1924 1778 1934 1933 1936 1961
Observations 1990 to 1929 to 1924 to 1918 to 1917 to
(1906-2009) 1977 1992 1934 1933 1937 1966

Conclusions

Reconstruction of unimpaired Sacramento River flow indicates:

e Annual precipitation is highly variable. Even during long dry periods, individual years
can be very wet.

o The Sacramento River basin experienced a multi-century dry period from about 1100
C.E. to 1400 C.E.

e The drought period in the 1920’s and 1930’s represents some of the worst drought
conditions in the last 400 years.
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2.3. Reconstructed Salinity in the Bay-Delta Estuary
Tree Ring Data

The interaction between saline ocean water from the Pacific Ocean and fresh water from the
rivers flowing into the Delta determines the ambient salinity conditions in the Delta and the
Bay. Estimates of historical precipitation derived from tree ring data can therefore be used to
estimate the corresponding salinity conditions in the Delta.

Stahle er al. (2001) used tree ring chronologies from blue oak trees located in the drainage
basin to San Francisco Bay to reconstruct salinity at the mouth of San Francisco Bay.
Recognizing that a number of factors influence salinity other than precipitation (estimated
from tree rings), the authors chose a time period prior to substantial water development when
the salinity data were fairly constant in mean and variance. During the calibration period
(1922-1952), annual tree ring growth correlates well with average salinity near the Golden
Gate Bridge (r"=0.81). Using this transfer function, Stahle et al. (2001) reconstructed annual
average January to July salinity for all years 1604 to 1997.
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Figure 2-3 — Reconstructed salinity near the mouth of San Francisco Bay compares well

with reconstructed unimpaired Sacramento River flow in the upper watershed
For each year from 1630 to 1952, the annual unimpaired Sacramento River flow (from Meko et al.,
2001b) is plotted against the annual average salinity at Fort Point (from Stahle et al., 2001).

As shown in Figure 2-3, the salinity reconstruction by Stahle ef al. (2001) compares well

with the unimpaired flow reconstruction by Meko et al. (2001b). The data follow the
expected inverse exponential relationship between flow and salinity. Over the period from
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1630 to 1952, reconstructed salinity increases as reconstructed unimpaired Sacramento River
flow decreases. The agreement is strongest in dry years. The increased scatter in wet years
may reflect the limitations in the tree ring methods.

Stahle et al. (2001) identified an increasing divergence of observed salinity relative to
predicted (reconstructed) salinity after 1952 (Figure 2-4) and suggested that the majority of
differences are due to increased water diversions. During the calibration period (1922-1952),
the observed salinity is typically within +/- 5% of the reconstructed salinity. However, from
1953-1994, the data show an increasing trend for observed salinity to be greater than
predicted, exceeding reconstructed salinity by over 15% in 1978, 1979, 1991, and 1993.
Since 1969, observed salinity has exceeded reconstructed salinity in all years except the
extremely wet years of 1982 and 1983.

Percent Change in Observed Salinity
relative to Predicted Salinty
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Figure 2-4 — Percent change in observed salinity relative to predicted (reconstructed)

salinity for the period 1922 to 1994
The reconstructed salinity record by Stahle et al. (2001) overlaps with the observed salinity record
from 1922 to 1994. During this period, the percent change of observed salinity relative to predicted
salinity is determined as (observed salinity — reconstructed salinity) divided by reconstructed salinity,
with positive values indicating when observed salinity exceeded the reconstructed salinity prediction.
The calibration period is indicated with black squares, with the period outside the calibration window
indicated by red circles. The straight red line is the linear trend in the post-calibration period,
indicating observed salinity is increasingly diverging from predicted (veconstructed) salinity.

These data suggest that since the 1950°s, water management operations have increased
salinity, with an escalating effect over the period of record. In addition, it is worth noting
that significant anthropogenic modifications to the landscape and water usage had already
occurred prior to the 1922-1953 calibration period (see Figure 1-2 and Figure 1-3). Although
this study is unable to evaluate the effect of anthropogenic modifications prior to 1953, the
following section examines salinity prior to human interference at multiple sites in the Bay-
Delta.

Tree ring reconstructions such as Meko et a/. (2001a) and Stahle ez al. (2001) have the

advantage of providing high temporal resolution (i.e. annual) over approximately the last
1,000 years. However, a possible disadvantage of this method is the age of trees, limiting
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high accuracy estimates to approximately the last 400 years. A second possible disadvantage
of using tree ring reconstructions for paleosalinity is the remote location of the trees relative
to the estuary. Paleosalinity estimates from tree rings in the upper basin necessarily assume
that the precipitation patterns archived in the tree rings are representative of the quantity of
water that reaches the estuary. However, as observed by Stahle ef al., anthropogenic water
management affects the amount of water that flows through the estuary.

Sediment Core and Fossil Data

Because of uncertainties in estimates of precipitation and salinity derived from tree ring data,
other paleosalinity methods that rely on local fossils to determine local salinity have also
been explored. Organic deposits accumulated in the sediments contain signatures of the
ambient conditions that can be used to infer the variations in salinity over geologic time
scales. Although reconstructions from sediment cores have a coarser temporal resolution than
tree rings, the variations in climate and landscape responses to change are better defined
geographically because the evidence of localized climate change is preserved as a time series
in situ, at the site of interest.

The San Francisco Bay-Delta has been the focus of several paleoclimatic reconstructions
from sediment cores. Changes in wetland plant and algae communities are the dominant
response in the Bay and Delta to climate change and associated fluctuations in temperature
and precipitation. Proxies of plant and algae response to environmental conditions are
preserved in the sediment cores and determined by:
e quantification and taxonomic identification of
(i)  diatom frustules (Byrne et al., 2001; Starratt, 2001; Starratt, 2004),
(i)  plant seeds and roots (Goman et al., 2008),
(iii)  plant pollen (May, 1999; Byrne et al., 2001; Malamud-Roam and Ingram,
2004), and,
e measurement of peat carbon isotope ratios (Byme et al., 2001; Malamud-Roam and
Ingram, 2004).

Results from plant pollen identification for three sites in the western Delta and Suisun Bay
and Marsh are summarized below in Figure 2-5. The data indicate that Browns Island tidal
marsh, near the confluence of the Sacramento and San Joaquin Rivers in the western Delta
(Figure 2-5) was predominately a freshwater system for 2,500 years, even during century-
long droughts. This condition prevailed until the early 1900’s. The shading in Figure 2-5
corresponds to the nearly 300-year dry period identified in the reconstructions of annual
unimpaired Sacramento River flow (Figure 2-1). Although salinity intrusion occurred during
this period in Suisun Bay at Roe Island, and during earlier long drought periods, salinity did
not affect the western Delta to the same degree. This suggests a change in spatial salinity
gradient characteristics, and is possibly due to the effect on salinity intrusion of the vast tidal
marshes that existed in the Delta until the early 20th Century.
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Figure 2-5 — Paleosalinity evidence derived from pollen data
Salinity variability over the last 2,500 years at Rush Ranch in Suisun Marsh (left panel), Roe Island in
Suisun Bay (center panel), and Browns Island in the Western Delta (vight panel). Data are
reproduced from Malamud-Roam and Ingram (2004). Orange shading across each panel corresponds
to the nearly 300-year dry period identified in the annual unimpaired Sacramento River flow
reconstruction (see Section 2.2) Locations of each of the sediment cores are illustrated in the map on
the right.

Malamud-Roam et al. (2006) attributed the differences between sites to a combination of
methodological issues (such as sampling frequency and core chronology) and site-specific
ecological differences (such as site elevation, location relative to channel and sedimentation
rates over time). However, all of the paleosalinity reconstructions based on pollen, diatoms
and carbon isotopes are in general agreement and suggest that salinity increased abruptly

about 100 years ago, reaching or exceeding salinity levels at any other time in the 2,500 years
of reconstructed records.

This increase in salinity may correspond to the reduction in unimpaired Sacramento River
flow evidenced in the tree ring reconstructions by Meko ef al. (2001a), which determined that
the 1920’s and 1930’s experienced the worst droughts in the last 400 years. However, the
droughts in the 1920’s and 1930’s do not appear to be as severe as the droughts between

1100 CE to 1400 CE (600 to 900 years ago), as categorized by unimpaired Sacramento River
flow. Yet salinity in Suisun Bay and the western Delta appears to meet or exceed the level of
the medieval droughts, indicating factors besides natural precipitation and runoff patterns
have affected salinity in the last 100 years.
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Conclusions

Reconstructions of salinity in the Bay and Delta indicate:

Precipitation in the drainage basin for San Francisco Bay (as recorded in tree rings) 1s
a good indicator of salinity near the mouth of the Bay for the period 1922-1953;
however, since 1953, increased water diversions have increased observed salinity
above the level predicted from precipitation estimates.

The Delta was a predominately freshwater system for 2,500 years, until the early
1900’s, even during century-long droughts.

The multi-century dry period identified in unimpaired Sacramento River flow
reconstruction is evident in Suisun Bay sediments but not in Delta sediments,
indicating that salinity did not intrude as far into the Delta during past droughts as it
has during the last 100 years.

The evidence from most sites suggests that current salinity levels are as saline as, or
more saline than, previous historical conditions.
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3.

Instrumental Observations of the Last 140 Years

Field measurements of rain and snow have far greater accuracy and resolution than the
paleoclimate records of precipitation; similarly, field measurements of salinity have far
greater accuracy and resolution than the paleosalinity records from sediment cores. These
instrumental observations will be used to analyze in more detail the salinity increase
identified in the paleoclimate records approximately 100 years ago and determine if the
increase in salinity has persisted.

The first sub-section presents observations of precipitation and unimpaired runoff in the
upper basin, indicating the natural climatic variability and amount of fresh water available
within the Bay-Delta watershed. The second sub-section examines Net Delta Outflow
(NDO), which is the amount of water flowing through the Delta into Suisun Bay, directly
affecting the level of salinity intrusion into the Delta. NDO is analyzed under both
unimpaired (without water diversions and reservoir storage and releases) and historical
(actual) conditions; comparison between unimpaired and actual conditions reveals the effect
of water management practices. The third sub-section presents field measurements and
model-based estimates of salinity at various locations within the Delta and Suisun Bay.

3.1. Precipitation and Unimpaired Flow in the Upper Basin

Precipitation in the Bay-Delta watershed indicates the amount of water available within the
system, which could ultimately reach the Bay and affect salinity conditions. However, since
precipitation falls as both rain and snow, the timing of runoff to the river channels is often
lagged a few months due to snow melt conditions. For this reason, estimates of unimpaired
flow (runoff) are generally used to characterize hydrological variability. Unimpaired runoff
represents the natural water production of a river basin, unaltered by water diversions,
reservoir storage and operation, and export of water to or import of water from other basins.

Figure 3-1 illustrates the total annual precipitation at Quincy? in the northeastern Sierra, the
total annual unimpaired Sacramento River flow® and total unimpaired San Joaquin River
flow”. Figure 3-2 shows the locations of the eight precipitation stations in northern
California used to compute the Sacramento eight-station precipitation index (left panel) and
the measurement locations of eight flow gages used to calculate the Sacramento and San
Joaquin unimpaired flow data (right panel). Additional information on the annual unimpaired
flows is provided in Appendix C.

As discussed in Section 2.2, the total annual unimpaired Sacramento River flow exhibits
strong variability between years, both in the reconstructed and observed data. Figure 3-1

? Precipitation data are from Menne ez al. (2009)
¥ «“Unimpaired Sacramento River flow™ is defined as the sum of the “full natural flows” from the Sacramento River

at Bend Bridge, Feather River inflow to Lake Oroville, Yuba River at Smartville, and the American River inflow

to Folsom Lake. (http://cdec.water.ca.gov/cgi-progs/iodir/WSIHIST)

? “Unimpaired San Joaquin River flow” is defined as the sum of the full natural flows from the Stanislaus River
inflow to New Melones Lake, Tuolumne River inflow to New Don Pedro Reservoir, Merced River inflow to
Lake McClure, and San Joaquin River inflow to Millerton Lake (http://cdec.water.ca.gov/cgi-
progs/iodir/WSIHIST)
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