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ABSTRACT

Climate across the watershed of the San Francisco Bay
Delta-Estuary system varies on a wide range of space
and time scales, and affects downstream estuarine
ecosystems. The historical climate has included mild
to severe droughts and torrential rains accompanied
by flooding, providing important lessons for present-
day resource managers. Paleoclimate records spanning
the last 10,000 years, synthesized across the Estuary,
watershed, and key regions beyond, provide a basis
for increased understanding of how variable
California’s climate can be and how it affects the Bay
Delta system.

This review of paleoclimate records reveals a gradual
warming and drying in California from about 10,000
years to about 4,000 years before present. During this
period, the current Bay and Delta were inundated by
rising sea level so that by 4,000 years ago, the Bay
and Delta had taken on much of their present shape
and extent. Between about 4,000 and 2,000 years ago,
cooler and wetter conditions prevailed in the water-
shed, lowering salinity in the Estuary and altering
local ecosystems. Those wetter conditions gave way to
increasing aridity during the past 2,000 years, a gen-

eral trend punctuated by occasional prolonged and
severe droughts and occasional unusually wet, cool
periods. California’s climate since A.D. 1850 has been
unusually stable and benign, compared to climate
variations during the previous 2,000 or more years.
Thus, climate variations in California’s future may be
even more (perhaps much more) challenging than
those of the past 100 years. To improve our under-
standing of these past examples of climate variability
in California, and of the linkages between watershed
climate and estuarine responses, greater emphases on
paleoclimate records in and around the Estuary,
improved temporal resolutions in several record types,
and linked watershed-Estuary paleo-modeling capabil-
ities are needed.
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INTRODUCTION

The San Francisco Bay-Delta system forms a transition
zone where freshwater runoff from upland watersheds,
including the Sierra Nevada to the east and the
Coastal Ranges to the west, meets and intermingles
with ocean water to yield variably salty waters.
Salinity in the estuary fluctuates seasonally and from
year to year in response to climatic variations and the
management of upstream reservoirs and diversions of
freshwater (DWR 1993; Peterson et al. 1995; Knowles
2002). These salinity variations are pivotal to the Bay-
Delta water management programs with goals of
improving water-supply reliability, restoring ecosys-
tems in and around the Estuary, and improving water
quality (CALFED 2001). Efforts to achieve these goals,
in the long run, will depend-among many other natu-
ral and engineering factors-on the robustness of pres-
ent-day decisions and actions to the considerable buf-
feting that California’s highly variable climate will
impose on its water-resource and ecological systems in
coming decades and centuries.

The watershed that drains to the Bay and Delta
encompasses much of central California, including the
Central Valley, Sierra Nevada, and Coastal Ranges.
This broad, north-south trending watershed is, in most
years, wetter in the north and drier in the south.
However, it also straddles the transition zone between
the wet-Southwest and dry-Northwest influences of
the El Niftio-Southern Oscillation (ENSO) on western
North American precipitation (Cayan and Webb 1992).
Central California is similarly the transition zone for
the multi-decadal ENSO-like expressions of the Pacific
Decadal Oscillation (PDO) (Mantua et al. 1997), and
for other shorter and (especially) longer term climatic
influences that are less understood. Superimposed on
these natural climate fluctuations are recent warming
trends in winter-spring temperatures (Cayan et al.
2001) and associated snowmelt and streamflow timing
trends (Roos 1991; Dettinger and Cayan 1995; Mote

2003; Stewart et al. 2005). These trends may be har-
bingers for future global warming effects in the state,
effects that will bring great challenges to the state’s
resource managers over the next 50 to 100 years. On
even longer time scales, recent studies of California’s
paleoclimatic past also provide worrying evidence that
the erratic precipitation regimes that have been
observed (and largely accommodated) in California
during the past century have been—by and large—
benign and small in comparison to natural precipita-
tion variations over the past 1,000 years or more (e.g.,
Meko et al. 2001, Ingram et al. 1996c¢, Stine 1994).

The climate that California will face in the future, and
that water resource managers will face during the next
30-year planning period, is likely to reflect some com-
bination of the kinds of climate (and runoff) variabili-
ty described by California’s paleoclimatic proxies (e.g.,
as described in this review), variations like those
observed during its historical period (e.g., NRC 1999),
and variations like those projected by current models
of global climate change induced by human activities
(e.g., Hayhoe et al. 2004). These climate variations
need to be characterized (monitored, predicted, or
reduced to statistical distributions, depending on
application) to the extent possible, to provide the
soundest possible scientific and engineering basis for
upcoming decisions regarding the future of resource
systems in the San Francisco Bay-Delta, and associat-
ed watershed region.

This paper provides a review of the scientific literature
regarding California’s climate during the past several
thousand years, and a summary of available paleocli-
matic proxies and resources for characterizing the nat-
ural climate of the Sacramento-San Joaquin Bay-Delta
and its watershed. The range of variability within this
natural climate will still exist even under projected
global changes, and will still need to be accommodat-
ed in planning for future population growth and envi-
ronmental needs. Following a discussion of the paleo-
climatic “archives” available to describe the state’s
past climate variations, key points from the paleocli-
matic history of the Estuary and watershed are
reviewed. The Bay and Delta have been changed sub-
stantially in the time since Europeans first settled in
California, and those changes have modified the ways
that the systems experience and respond to climate



variations. In particular, the vast marshlands that
once surrounded the Bay-Delta, and which contained
rich paleo-environmental archives have largely been
lost to development, or cut off from tidal inundation
(Nichols et al. 1986). We do not focus on those mod-
ern changes here (except for a discussion of how sed-
iments and flood flows have been changed), nor on
how they will affect the future survival of the Bay’s
ecosystem under future climate scenarios. Such
impacts deserve careful study but are beyond the
paleoclimatic aspirations of this review. In the con-
cluding section of this paper, recommendations for
additional paleoclimatic studies are offered. A much
more detailed description of the archives and past
variations in climate is provided by Malamud-Roam
et al. (2006).

DISCUSSION

Available Paleoclimate Archives

Climate researchers can derive records of past climate
conditions in California from natural archives. Most
common among these are tree rings and accumulated
sediment deposits. Paleoclimate records from the San
Francisco Bay Estuary (including both Bay and Delta)
and its larger watershed region provide the basis for
characterizing the natural variability of precipitation
and runoff in California over the past several thousand
years. Current climate-change projections indicate that
the range of precipitation variations as experienced
over the last 100 years of record may increase some-
what as a result of global warming (Nichols et al.
1996). However, resource-management systems will
also need to accommodate the even greater range of
naturally occurring precipitation variations seen in
paleorecords of various kinds, variations that may be
presented at almost any time and that are beyond any
that resource-management systems have faced during
the twentieth century. Such challenges will probably
supercede those expected from climate changes associ-
ated with the increasing greenhouse-gas concentra-
tions of the twenty-first century, at least in the near-
term (Dettinger 2005). The natural forces that drove
California’s climate during the past several millennia
are not substantially different from the natural forces
that have underlain historical fluctuations and that
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will continue to impose themselves even under the
man-made climate changes of the twenty-first century.
To understand and quantify the richer multi-millennial
expanse of California’s natural range of climate (and
runoff) variations, a number of information sources
are available. These include sediment cores from
ocean, estuary, marshlands and lowland floodplains,
tree rings, geomorphic patterns and stratigraphic
structures, and lake sediments. Each of these
“archives” of paleoclimatic information describes the
large fluctuations of climate experienced locally or
regionally during the past 4,000 years, and each offers
its own unique perspective on those fluctuations and
their impacts on the Estuary and watershed.

The San Francisco Bay-Delta catchment is outlined in
Figure 1, along with representative locations of paleo-
climate archives of particular interest to this review.
From beyond the Estuary and its watershed, it is helpful
to consider also some key paleoclimate archives from
coastal-ocean basins and from the Great Basin east of
the Sierra Nevada (Figure 1), because these particular
sites reflect large-scale regional climate variations that
span and influence the Estuary-watershed area.

Because one purpose of this paper is to characterize the
paleoclimatic archives available to decision-makers in
the Estuary and watershed, it is worth taking a moment
to consider the range and character of the archives
shown in Figure 1 from a broad perspective. The geo-
graphic distribution and available archives may be char-
acterized in very general terms (Figure 2) as:

(i) The Sierra Nevada, Coastal Ranges, and from the
Great Basin beyond the watershed. Tree rings and
lake sediments provide chronologies of past pre-
cipitation, temperature, stream flow, and vegeta-
tion variations, with time resolutions ranging
from annual (tree rings) to decadal (sediments);

(ii) Central Valley floodplains and foothills above the
Estuary. The textures and configurations of flood
deposits provide snapshots of high (and low) river
stages and discharges, individual floods, and sedi-
ment transports and deposition, usually in terms
of isolated (often extreme) episodes with timing
known only loosely (within time frames on order
of a century);
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(iii) San Francisco Bay and Delta. Macro- and
micro-fossil assemblages, geochemistry, and sed-
iment stratigraphy of sediments on the Estuary
floor and from its adjacent tidal wetlands pro-
vide long term records of estuarine salinity,

* Tree ring Sites
® |TRDB
@ CALFED Blue Oak
Tree ring recon.
40° | Site Locations
@ Baycore
@ Tldal marsh core
== Flood plain
@ Sierran lake
[ Great Basin
* Coastal
Pacific A
Ocean
35° [
Paleoclimate study sites
throughout the San Francisco
Bay Delta system and its
watershed region. Symbols
may reflect multiple sites.
|
235° 240° 245°
122°
T
Sacramento River

Tidal wetland ca. 1850

Pacific
Ocean

town,

Nichols, et al.,1986

Figure 1. Map of paleoclimate research sites in the San
Francisco Bay Estuary and its watershed region, California.
Inset shows the San Francisco Bay with study site locations.

freshwater inflows, sea levels, and sediment
transports, with typical time resolutions ranging
from decades to centuries; and

(iv) Coastal-ocean basins. Microfossil assemblages
in, and the geochemistry of, unconsolidated sed-
iments on the coastal-ocean basin floors provide
proxy (or indirect) measures of sea-surface tem-
peratures, mixing between ocean water layers,
and flooding, at a wide range of time resolu-
tions—depending on conditions in the basin
sampled and on the methods employed to
deconstruct the sedimentary records.

In reality, considerable overlap of archive types exists
across the geographic regions, as sedimentary deposits
are found in each of these settings, and tree-ring
chronologies are being obtained across the full range

Tree rings and lake deposits in the Sierra and Coastal Ranges provide histories of:
precipitation
temperatures
streamflow
vegetation
Time resolution: typically annual (tree rings) to decades (deposits)

Flood deposits in foothills and floodplains provide histories of:
river stages and discharges
floods
sediment transports
Time resolution: isolated episodes; typically century scales and greater variability described

Cores and geochemistry from Bay and Delta wetlands and sediments provide histories of:
salinity
freshwater inflows
sea levels
sediment transports
Time resolution: typically decades to century scales

Microfossils and geochemistry of sediment cores from coastal-ocean basins provide histories of:
sea-surface temperatures
mixing layer thicknesses
flooding

Time resolution: decades to centuries

coastal
mountains

Figure 2. Paleoclimate archives and the types of climate vari-
ables they measure available throughout the San Francisco Bay
and its watershed region.




Ocean Basin Marsh Channel and Lake
and Bay deposits: floodplain deposits:
deposits: deposits:
Measured Measured
Measured plant remains, Measured pollen
carbonate pollen limits of charcoal
remains of deposition /
marine Result: erosion, Result:
organisms Past plant geomorphic / regional plant
assemblages, sedimentary assemblages,
Result: estuarine structures, and precipitation,
Surface water salinity, and grain sizes temperature,
temperatures, fresh water fire frequency,
Bay salinity Result: and intensity

Figure 3. Similar kinds of archives (from Figure 2) are shown
with the measured proxy and resulting paleoclimate record.

of elevations (e.g., Stahle et al. 2001). Similarly,
technological advances and serendipity may increase
the time resolution of some examples from almost
any of these archive types. But the simplified distri-
butions shown in Figure 2 are fairly typical, at pres-
ent, and are indicative of one of the key issues con-
fronting current reconstructions of past climatic
influences in the Estuary-watershed system: different
paleoclimatic proxies within the system tend to be
located in different settings, to describe different
aspects of the system, and (often) to describe them at
different temporal resolutions.

These differences in the paleoclimatic archives from
place to place, and from proxy to proxy, extend even
to seemingly similar kinds of proxies obtained from
different parts of the Estuary-watershed system, as
illustrated in Figure 3. Sedimentary compositions, tex-
tures, and structures often are used to detect different
aspects of past climates, depending on whether they
are retrieved from the coastal ocean, marshes, upland
floodplains, or highland lakes, in part because they
reflect local climate differences and in part because
the conditions of their deposition preserve different
aspects of climate. These differences are both chal-
lenge and opportunity: At present, they can yield
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seemingly different stories of the system’s past, which
we struggle to reconcile. For example, we will review a
megadrought that occurred in some parts of the water-
shed during the thirteenth century A.D. (Stine 1994) but
that did not appear in a Sacramento river reconstruc-
tion (Meko et al. 2001) and that appeared only weakly
in a San Joaquin River reconstruction (Meko et al.
2004). However, when we reconcile the seemingly dis-
parate stories, they provide a single, overarching cli-
mate history for the system and deeper understanding
of our naturally complex climatic setting. From this, we
will obtain both a well cross-validated history and a
firmer understanding of how climate influences cascade
through the whole system to ultimately impact the
“managed” properties like salinity, sediment supplies,
and plant and benthic communities.

Table 1 provides a more detailed description of repre-
sentative (and, in some cases, only) archives available
from the various parts of the Estuary-watershed sys-
tem reviewed for this study. The temporal spans of the
various proxies are indicated in the table along the
horizontal axis, along with indications of whether the
archives produce continuous or episodic records, and
the temporal resolution of the archives, e.g., fine
(annual to decadal scale), medium (centennial to mil-
lennial), and coarse (millennial or greater). The partic-
ular proxies used, the climate variables revealed by
those proxies, the numbers of archives available and
reviewed here, and literature references are also pre-
sented. A comprehensive description and review from
which this table was extracted is provided by
Malamud-Roam et al. (2006).

Clearly, an important distinction between the various
proxies is the temporal precision and accuracy with
which the climatic events they record can be identi-
fied. Chronologies from in-Estuary proxies are gener-
ally dated by interpolations between depths with
radiocarbon (14C) dates, as are sediment studies in the
watershed and coastal regions. Tree-ring studies, by
contrast, are generally dated by comparisons of ring
patterns among multiple trees at a given site, anchored
by patterns from living trees and so give reliable,
annual resolutions (Hughes 2002). The comparisons
take the form of massively replicated pattern match-
ing, a process known as “cross-dating” (see
http://[www.ltrr.arizona.edu/treerings.html). Because
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Table 1. Paleoclimate records from the San Francisco Bay Estuary and watershed and surrounding regions. Records are organized by
region (first column), followed by the temporal coverage of the records (second column), the proxies used (third column), the climate
variable measured (fourth column), the archives (fifth column), and references (sixth column). *Note change in scale at 1,000 years BP.

San Francisco £ Time period covered (cal. yrs B.P) Proxy Variable Archives References
Bayestuary £ 3 w0 750 1000 %000 500 7000 9000 11000 13000 Cores (ength)
i RN IR EEREEYY (T N TR (S NS T B |
875/86: ini .
Richardson Bay Med., wigap Sr/86Sr salynfty 2cores - 11m, 2m Ingram & DePaolo 1993
San Pabo Bay Fineto med., wigap 87511865y, §160, §13C salinity 3cores - 11m, 3m, 7m Ingram & DePaolo 1993, Ingram et al 1996b
: 180 & §13 ini -
Oyster Poit Fine to med., w/igap 5180 & §13C salinity 1 core - 6m Ingram et al 1996¢
Tidal Marshes - === ---------------- - - -- - oo ------o--o---------------
China Camp Med., cont §13C, pollen, macrofossils, iron* veg. chg, hydrop'd 3 cores - 6m, 5m, 4m (Goman 1996, Malamud-Roam 2002
BericaSP b = - = = = = — — — — — - Med. possile gap 313C, pollen veg. ch, 2cores- 2m,4m Malamud-Roam 2002
Peyton |_'|"'| Med., cont. macrofossils, Iron ~ veg. chg, hydroperiod 2cores - 7m, 3m Goman & Wells 2000
Roe Isnd Med., cont. §13C, pollen veg. chg, Teore-4m May 1999, Malamud-Roam 2002
Rush Ranch b—————————— .~ Med. possible gap 313G, pollen, diatoms veg. chg, salinity Tcore-4m Byme et al. 2001
Brouns Island Med., cont. §13C, macrofossils, pollen veg. chg, Jcores -8m, 11m, 4m Goman & Wells 2000; May 1999, Malamud-Roam 2002
Sacramento Watershed - = == = == === === === - m oo o oo oo oo o o oo oo smmmmmmm oo oo
Foodgeing = — — — — — — Episodic Sediment deposits floods Sullivan, 1982
Sacramento River Fine, cont. tree-rings streamflow 17 chron. (pines, Juniperus), 71 chron. (var. sp.) ~ Earle, 1993; Meko et al., 2001
Ft Point Fine, cont. tree-rings salinity 5 chron. (blug oak) Stahle et al. 2001
San Joaquin Watershed - - == === === === - mm - mm oo oo oo oo oo m oo m oo m s m s s o s oo
Central Serra Nevada d Med., cont pollen veg. chg. 2 cores - 8m, 1m; 9 cores (meadows) - max. ém ~ Smith & Anderson 1992, Anderson & Smith 1994
Med., cont. macrofossils firefreq. 3 cores-.5m, 3m, 3m; 14 cores/ 3sites-3m  Brunelle & Anderson 2003, Anderson 1990
) Fine, cont. charcoal precip., temp 3 chron. - P bafouriana, J. occidentalis ~ Graumlich 1993
Southern Sierra Nevada - ) } )
Fine, cont. tree-rings temp. 1 chron. - P. baffouriana Scuderi 1993
Ci & So Sierra Nevada :jne, con:. " ;;ee-rmgs f‘prefmp. gc:ron. g g{gan:eum ;Iugrt]es &%r;;vn 1992
(Giant Sequoia Groves) ine, cont. ree-rings/fire scars ire freq. chron. - S. giganteum wetnam
GreatBasin - ------------------------------ s------ Semmemmo-o-o - et e
. , Coarse, con. tree line precip., temp.  tree stumps - 2sftes; 2 chron. LaMarch 1973; 1974
White Mountains - )
Fine, cont, D temp. threg trees - P longaeva Feng & Epstein 1994
Fine, cont. 313C, (soilmoisture) precip. frees - P longeeva Leavitt 1994
Moolake — — — — — _Coarse, episodic ~_Geomorph features, tree stumps precip. shorelines; deftas, stumps Stine 1990 & 1994
Med., cont. pollen veg. ch. 1core-8m Davis 1992
isodi i 2 cores - 6m; shoreli
Mojave RiverBasin |— — — — — _Coarse_,eplls%{c ____ flood deposits floods coreg m, s qreme Enzel et al. 1989, Enzel & Wells 1997
| Coarse, episodc floods 261 sies on 19 rivers Elyetal 1993
i i i 80 chron, i :
Southwestern states Fine, cont. tree-rings precip. cfron. Hughs & Graumlich 1996; Hughs & Funkhouser 1998
Goastal California - - - = = = == = == = - - oo oo oo
‘ Med., cont. pollen veg. change Tcore-7m Davis 1992
San Joaquin marsh - i ) :
Santa Barbara Fine, cont. o tree-fings precip. 3 chron. Haston & Michaeelsen 1994, 1997
Fine, variable " Ilamér;at\ons, chalrcoal, precip, floods, fires, ST 3box cores; 1 core - 3m Soutar & Crill 1977; Schimmelmann et al 1998; Mensing
| 1%0; G lkenones; TOG etal, 1999;Feld & Baumgarner 2000; Zhao e al, 2000

et al. 1997). This “reservoir residence” correction is
complicated both by regional differences due to ocean
mixing and circulation processes (e.g. upwelling of
radiocarbon-depleted waters along the coast) (Ingram
and Southon 1996) and by temporal variability of the
circulations (Kennett et al. 1997; Ingram 1998). Thus,
temporal comparisons among the various paleoclimate
proxies from the Estuary and watershed cannot be too
exacting, and some scatter in the timing of climatic

rates of radiocarbon production in the atmosphere
have varied during the Holocene, radiocarbon dates
are regionally calibrated against calendar dates
obtained from tree-ring chronologies (Stuiver and
Reimer 1993), and dates from some periods are more
accurate than others. Marine-derived carbon requires
additional corrections, as the ocean is depleted in
radiocarbon relative to the atmosphere due to deep-
water circulation (Ingram and Southon 1996; Kennett




events described by the various proxies must necessarily
be tolerated.

For Estuary and ecosystem management purposes,
past salinity and sediment-transport variations may
be of most immediate interest; but, in many cases,
the coarse temporal resolutions of archives that
record salinity and sediment transport may limit
some of their usefulness. In contrast, the highly
resolved depictions of past precipitation variations
that can be obtained from tree rings in the watershed
regions may be closer to what a manager would want
in terms of temporal resolution, but may not be
directly informative about the issues of most immedi-
ate interest in the Estuary habitats. This dichotomy
has even led to attempts to reconstruct estuarine
salinity variations from upland tree-ring thicknesses
(Stahle et al. 2001), attempts that were informative
but would be enhanced by the development of more
direct and highly resolved in-estuary proxies. Thus,
to date, the significance and usefulness of available
paleoclimate archives has been limited by the lack of
an overarching, multi-proxy description of the
region’s past climates (and climatically driven
Estuary conditions). A key unanswered question fac-
ing paleoclimate scientists in the Estuary-watershed
system is: to what extent do upland proxies (tree
rings, flood deposits, etc.) directly or indirectly
describe the climatic fluctuations that dictated the
ecological, salinity, and sediment-transport condi-
tions expressed in the lowland proxies (e.g., marsh-
land and lowland river sediment cores)? This ques-
tion becomes most pressing when we note that tree-
ring reconstructions of past precipitation and temper-
ature fluctuations are far more common and wide-
spread throughout the watershed system than are
sediment cores (Figure 1), while the opposite is the
case within the Bay-Delta system itself. Certainly,
many of the most startling and disturbing revelations
about past climate excursions have derived from tree
rings and highly resolved sedimentary proxies from
the upper reaches of the watershed and just beyond
(e.g., the Medieval droughts detected in Pyramid and
Mono Lake sediments and in tree ring records (Stine
1994, Hughes and Funkhouser 1998, 2003).
However, the true significance of the challenges that
these past-climate variations posed for the Estuary
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(and watershed) ecosystems will remain uncertain
until the full range of proxies from the system have
been integrated more fully than at present.

Holocene Climate Variations

We live in a period between Ice Ages (an interglacial
period), characterized by a much warmer climate than
prevailed during the Ice Ages. The current interglacial
period, known as the Holocene, began approximately
10,000 years ago, by which time most of the world’s
large ice sheets and mountain glaciers had melted to
near their current positions (Fairbanks 1989; Kutzbach
et al. 1998; Ruddiman 2001). An abundance of paleo-
climate records spanning parts of the Holocene in
many parts of California has been published, including
tree-ring reconstructions of climate and tree-line ele-
vations in the White Mountains (Hughes and
Funkhouser 2003; Hughes and Graumlich 1996;
LaMarche 1973, 1974a,b), montane lake and meadow
cores in the western Sierra Nevada (e.g. Edlund and
Byrne 1991; Anderson 1990; Anderson and Smith
1994; Brunelle and Anderson 2003), Great Basin lake
cores (e.g., Benson et al. 2002), tree ring chronologies
from central and southern Sierra forests (e.g.,
Graumlich 1993; Hughes et al. 1996), flood plain
stratigraphies (e.g., Shlemon and Begg 1975), estuary
and tidal marsh sediment cores (e.g., Ingram and
DePaolo 1993; Goman and Wells 2000; Byrne et al.
2001, Starratt 2003, 2004; Malamud-Roam and Ingram
2004, Brown and Pasternack 2004) and ocean cores
from coastal basins (e.g., Friddell et al. 2003; Barron et
al. 2003) (see Table 1).

Over the course of the Holocene, these paleoclimate
archives tell of a wide range of climate variations,
summarized in Figure 4. The figure shows a stylized
transect from the White Mountains to the Pacific
Ocean, and the changes occurring in different parts of
the system during key parts of the Holocene; also indi-
cated are the downstream linkages within the system.
The most obvious linkages can be seen today in sea-
sonal cycles of salinity within the Bay: copious winter
precipitation in the Sierra Nevada results in reduced
salinity in the Bay-Delta Estuary followed, in the sum-
mer, by peak salinities (Peterson et al. 1989, 1995).
Less well understood linkages also exist. Different
parts of the watershed often experience different cli-
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Insolation
Coastal Ocean ~ Bay Expansion Sediment Loads Indications of Indications of Anomaly
Temperature and Salinity andTransport Changing Moisture ~ ChangingTemperature  (45°N)
A) before
10,000 yrs ago
12-13 °C
hightloads post-glacial drying
B)
6,000 yrs ago
<11°C
— continued drying peak warming
Q) , |
(= g
3,500 yrs ago T Vl
| ’
11-12 °C
higherloads becoming wetter cooling trend
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wetter than present
0 40
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Pacific Ocean San Francisco Lowland Sierra Nevada
Bay Estuary Flood Plain . Mountains

Figure 4. Paleoclimate and spatial linkages in California at periods in the Holocene. A)Before 10,000 years ago, climate in California was
cooler than today, but warming and drying, indicated by open vegetation and frequent fires on mountain slopes. Glaciers had melted to
their modern elevations, having delivered high sediment loads to lowland areas and the nascent Bay—Delta. Upland fire and sparse vege-
tation probably continued to deliver relatively high sediment loads to lowland areas. B) 6,000 years ago was the warmest period of the
Holocene, as seen in the upslope migration of trees in the mountain ranges. Sediment loads to downstream lowland floodplains were
likely low; ocean surface temperatures off the coast were also warm. C) 3,500 years ago, climate in California was cooler and wetter,
seen in mountain vegetation changes. Sediment loads, associated with increased storm frequency, increased, and the Bay became
fresher. D) Present conditions throughout the study region have been strongly influenced by human activities in the last century, though
the Bay estuary is shown at its peak extent ca. 1850 A.D. Climatic conditions have included brief though severe droughts, but climate
has overall been benign, and slightly wetter than in preceding centuries. Sources: White Mountains (LaMarche 1973, 1974a); Sierra
Nevada (Edlund 1996; Anderson & Smith 1994); Sediment loads; Bay estuary (Atwater 1979; Goman & Wells 2000; Ingram et al. 1996a,b);
coastal ocean temperatures (Friddell et al. 2003).



matic variations, and it is the combined effects of
these differing climates that are reflected in Estuary
tidal marsh deposits, in proportions determined by
local marsh ecology. This section will first provide a
general overview of Holocene climate history, followed
by a more detailed discussion of the later part of the
Holocene, for which we have the most complete paleo-
climate records. Superimposed upon this climate history
is a history of human occupation in California, which,
while not the focus of this paper, will be touched upon
when relevant, as humans have been both influenced
by climate and have become increasingly dominant
influences upon the Bay-Delta natural system. Finally,
we will examine regional links to global climate that we
are coming to understand from the combination of
paleoclimate and modern climate records.

The early Holocene (Figure 4, upper panel) was char-
acterized by warm temperatures and decreasing mois-
ture availability, as the Earth shook off the mantle of
continental glaciers and ice caps from the preceding
Ice Age. Solar insolation on the midlatitudes of the
Northern Hemisphere reached its summer maximum
(far left of Figure 4; Brunelle and Anderson 2003) and
remained high until ca. 8,000 years ago, after which
insolation began to decline towards present values.
The western slopes of the Sierra Nevada were in early
stages of an ecological succession (recovery) following
the recession of glaciers; climate conditions were cool-
er than twentieth century values, but becoming
warmer and drier (Edlund and Byrne 1991; Anderson
1990; Porinchu et al. 2003). Fires were frequent
(Brunelle and Anderson 2003; Edlund and Byrne 1991)
and played an important role in that succession
(Anderson 1990; Edlund 1996). At this time, the
Estuary was in its infancy: sea level was rising rapidly,
but had only just entered through the Golden Gate.
Many parts of today’s Estuary—such as Suisun Bay,
San Pablo Bay and South Bay—were river valleys
(Atwater 1979).

Warming continued, so that temperatures reached a
maximum in the middle Holocene, around 5,000 to
6,000 years ago (Figure 4, middle panel). In the White
Mountains, the Bristlecone-pine tree line moved ups-
lope to higher elevations than at any time since
(LaMarche 1973, 1974a), and Sierran meadow and lake
cores indicate that other warm-loving tree species
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moved up-slope as well (Edlund 1996; Anderson and
Smith 1994). Conditions became drier as well, so that
lakes on the eastern side of the Sierran range, in its
rain shadow, shrank considerably; e.g., Pyramid and
Owens Lakes (Benson et al. 2002). Modern river-flood-
plain systems began to develop in the Central Valley
as sediment deposition at the foot of the Sierra and
Coastal Ranges formed geomorphic features such as
flood basins in low lying areas between older range-
front alluvial fans and natural levees along the
Sacramento River (Gilbert 1917). Sea level, by this
time, had risen high enough so that the outlines of the
modern Bay-Delta Estuary were complete, and it was
also at this time that the previously rapid rate of sea-
level rise dropped to less than 20 cm per 100 years—a
pace slow enough to allow tidal marshes to form
around the edges of the Estuary (Atwater 1979;
Goman and Wells 2000).

Following the mid-Holocene period of peak warmth,
significant changes in climate are indicated by paleocli-
mate archives throughout the study region, from high-
and low- altitude sites, from the White Mountains to
the San Francisco Bay, in indicators of vegetation change,
tree growth, lake level changes, and sedimentary sequences
(Figure 4, lower panel). Paleoclimate records that describe
part or all of the past 4,000 years have been recovered
from locations in most of the study region (Table 1),
and, in virtually every area, a cooling trend accompa-
nied by increased moisture availability was underway at
about 3,800 years ago. For example, in the White
Mountains, studies of past tree lines and tree-ring
widths (LaMarche 1973 1974a, b) show tree line retreat-
ing down slope in response to cooling, and tree rings in
lower elevation bristlecone pines were wider in response
to increased moisture (LaMarche 1974a). Playa sedi-
ments from the Mojave Desert indicate the presence of
shallow lakes around 3,620 years ago, implying very
wet conditions (Enzel et al. 1989). Pollen and other
macrofossil evidence from lake and meadow deposits
from the Sierra Nevada reflect trends toward cooler and
moister conditions (e.g., Edlund 1991 and 1996; Edlund
and Byrne 1991; Anderson 1990; Anderson and Smith
1994). Sierra Nevada lake sediments indicated that this
trend may have intensified around 3,700 - 3,000 years
ago (Smith and Anderson 1992), when the incidence of
forest fires declined (Brunelle and Anderson 2003).
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(Ingram et al. 1996b, c). The isotope record
cannot easily be used to reconstruct pale-
otemperatures of the estuarine waters, but
changes in foraminiferal assemblages from
South San Francisco Bay at this time sug-
gest the Estuary’s water was cooler than
during earlier periods in the Holocene
(McGann et al. 2002). On the surrounding

Years A.D. ‘ : marshlands, pollen and isotopic composi-
0(AD.) 200 400 600 800 1000 1200 1400 1600 1800 2000 tions (Byrne et al. 2001; Goman and Wells
al o = = 2000; Malamud-Roam and Ingram 2004;
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of marshes around the Estuary under these
wetter conditions resulted in richly produc-
tive ecosystems that provided important

Figure 5. Evidences of extreme climate events of the late
Holocene. Climatic events are indicated by symbols, with refer-
ences enumerated on the Y-axis and shown on accompanying
map. References are provided in Table 2; prolonged droughts
are indicated by vertical color shading. Bay sediment records
with hiatus indicated represent gaps in the chronology, possibly
due to extreme flooding event that eroded sediments.

This period of relatively moist conditions is also evi-
denced downstream in the Bay-Delta Estuary (Figure
4). Every core collected, to date, from the Bay (Ingram
and DePaolo 1993; Ingram et al. 1996 b,c) contains
sedimentary and geochemical indications of higher
freshwater inflows after 4,000 years ago. The indica-
tions include high sediment loads delivered to San
Pablo Bay by greater river flows (Ingram and DePaolo
1993; Ingram et al. 1996b) and shifts in oxygen iso-
topes associated with increased freshwater inflow

new food supplies to native Americans. The
shores became a “landscape of shell
mounds” at about this time (Fagan 2003; Lightfoot
1997). For example, this is the period when the West
Berkeley Shell Mound grew most rapidly (Ingram
1998). Similarly, in the Central Valley and foothills,
this was a period of great population expansion and
marked the establishment of acorn-harvesting cultures
that would characterize and sustain many native
Californian communities for millennia to come (Fagan
2003).

The generally cooler and wetter period appears to
have ended about 2,000 years ago, when conditions
became more arid. Using the changing upper and
lower treelines of bristlecone pines in the White
Mountains, in combination with tree-ring width
chronologies, to infer concurrent temperature (upper
tree line) and moisture (lower tree line) variations,



LaMarche (1973 1974a, b) reconstructed a
5,500-year history of climate variations.
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Table 2. Summary of evidence for very wet episodes during the late Holocene.
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Figure 5 (with references in Table 2) com- : :
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Delta watershed, a tree-ring reconstruction 8% [Fly ctal. 1993 US. southwest | 1000-1200, 1400-1900 Numerous large floods
of San Joaquin River flows (Meko et al.
* Not
2002, 2004) seems to reflect these droughts otonmap

considerably more than did a reconstruc-
tion of Sacramento River flows (Meko et al.

2001). The reconstructions of the Sacramento and,
even more so, the San Joaquin River flows indicate
that droughts of varying duration were more common
before 1400 AD than after.

Isotopic compositions from Estuary sediments deposit-
ed beginning about 2,000 years ago show increasing
salinity in the Bay (above what would be expected
from sea level rise alone) punctuated by a variety of

shorter term fluctuations (Ingram and DePaolo 1993;
Ingram et al. 1996b,c) (Figure 5). Marsh cores also give
evidence of vegetation change in response to increas-
ing salinities during this period, with shorter-term
variability (Goman and Wells 2000; Byrne, et al. 2001;
Malamud-Roam and Ingram 2004). The first of the two
major Mono Lake droughts appears in Estuary vegeta-
tion records as significant shifts towards dominance of
tidal marsh vegetation assemblages by more salt-tolerant
plants (Byrne et al. 2001, Malamud-Roam and Ingram
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2004). The annual average salinity in Suisun Bay near
Roe Island during that drought was more than 10 ppt,
and Byrne et al. (2001) estimated peak salinities near
Rush Ranch between 15 and 20 ppt. These values
imply more than a 35% reduction of fresh water
inflow compared to modern flows (corrected for diver-
sion). Indications of at least two other periods of low
inflow appear in the marsh records: one (from about
300 to 650 AD) prior to the first of the Mono Lake
droughts and one afterwards (between about 1550 to
1650 AD; Malamud-Roam and Ingram 2004).

The paleoclimate archives from the study region also
contain evidence of anomalously wet periods, includ-
ing several following prolonged droughts. The sub-
merged tree stumps in Mono Lake and Walker River
are themselves evidence of rapid transitions to wetter
conditions following prolonged droughts (Stine 1994).
In some cases, the reversals to wetter and cooler con-
ditions lasted several centuries. For example, following
the second of the Mono Lake droughts, conditions
became wetter in the watershed for several hundred
years (from about 1400 to 1700 AD, coincident with a
time that has been called the “Little Ice Age”; Bradley
et al. 2003). This period of relatively cool and wet
conditions is evidenced in bristlecone pines in the
White Mountains (LaMarche 1973, 1974a, Hughes and
Funkhouser 1998; Hughes and Graumlich 1996), in
ancient shorelines of Mono Lake (Stine 1990, 1994), in
tree-ring chronologies from central Sierra (Graumlich
1993), in floodplain sediments (Sullivan 1982) and
other paleoflood deposits (USBR 2002), in Estuary and
tidal marsh cores from the Bay and Delta, and in
ocean cores that indicate cooler coastal waters then
(Jones and Kennett 1999).

Coastal sediments from the Santa Barbara Basin docu-
ment six mega-floods along the central California
coast during the past 2,000 years (Schimmelmann et
al. 2003). Schimmelmann et al. (2003) correlated
these floods with large-scale climatic anomalies span-
ning the western hemisphere. Extremely wet episodes
from paleoclimate records are summarized in Figure 5,
with details and references listed in Table 2. As can be
seen in this figure, even during long-term dry epochs,
wet to extremely wet years still occurred. These wet
episodes within dry epochs are often particularly well
documented because such conditions favor erosion

and large sediment transports. Two of these large
floods, which appear to coincide with the termination
of the Mono Lake droughts, are seen in the Bay marsh
sediment cores, around 1100 AD (Malamud-Roam
2002) and around 1400 AD (Goman and Wells 2000).
These wet episodes in the Estuary also were times
when the ancient trees growing on the Mono Lake
bottom and elsewhere in the eastern Sierra were rapid-
ly submerged (Stine 1994). Tree-ring width chronolo-
gies from the southern Sierra Nevada (Graumlich
1993) and from the Great Basin (Hughes and
Graumlich 1996) also indicate wet periods around
these times (1071 to 1090 AD and 1478 to 1527 AD).
Stable isotopes of carbon (-13C) in tree rings from the
White Mountains provide another line of evidence for
very wet soils during the period from 1080 to 1129 AD
(Leavitt 1994). Along the lowland Cosumnes River
near its confluence with the Mokelumne, fine sedi-
ments are interlayered with coarser sediments, reflect-
ing higher energy floods, and illustrate numerous
episodes of extreme flooding and geomorphic change
between about 1000 to 1800 AD (Atwater and
Marchand 1980; Florsheim and Mount 2003).

Native Californian communities in the study region
experienced intermittent, widespread, climatic and non-
climatic stresses during the past 2000 years, punctuated
as they were by occasional extended droughts and very
wet episodes. Some of these stresses were probably due
to the large, interconnected human populations that
had filled in the region by the beginning of the period,
and some stresses probably were climatic in origin
(Fagan 2003). Human populations varied widely in
response to times of drought and plenty, regionally and,
especially in more marginal settings, like some upland
river basins. Around the Bay, native Californians appear
to have developed more dispersed rounds of hunting,
gathering, and acorn harvesting during this time, and
although large populations may still have lived close to
the Bay, their artifacts are nowhere near as evident on
the landscape as are those from the earlier, climatically
more benign times of the preceding 2,000 years (Fagan
2003). Thus the lean and highly variable climate of the
past 2,000 years appears to have increased the land
area necessary to support populations that were already
in place, and, in some places, decreased the natural
resources available reliably per inhabitant.
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Distributions of Reconstructed Annual Flows

et al. (1996) described the twentieth cen-
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. tury as having a frequency of short
sharp droughts generally lower than the
long-term mean for the last 2,000 years.

To put this “benign” modern era and the
two medieval Mono Lake drought epochs
into their proper contexts in the water-
shed, Figure 6 presents probability distri-
4 | butions of annual river flows that were
estimated for selected periods within
tree-ring reconstructions of annual
stream flow in the Sacramento and San
Joaquin Rivers during the past millenni-
um, kindly provided by David Meko of
the Laboratory for Tree-Ring Research at
the University of Arizona (Meko et al.

Cubic Kilometers / yr

2001, 2002). The distributions may be
skewed by the tendency for reconstruct-
ed flows to be less variable and more

Figure 6. Frequency (probability) distributions estimated from
reconstructed annual streamflows (km3/year) in the Sacramento
and San Joaquin Rivers (Meko et al. 2001, 2002) for the histori-
cal period (1850 AD to end of reconstruction); and first (begin-
ning of reconstructions to 1150 AD) and second medieval Mono
Lake drought (1200-1350 AD). Shaded areas indicate the 95%
confidence intervals on distributions obtained by similarly ana-
lyzing 10,000 random samples of 150 years from the reconstruc-
tions. The confidence intervals shown here test whether or not
the differences between the various distributions fall beyond
the range of fluctuations that might be encountered in random
subsamples of the overall reconstructions.

Finally, a notably benign period, with comparatively
little precipitation variability, from about A.D. 1850 -
1950, is described by many of the archives. In a 420-
year reconstruction of Sacramento River flows based
on tree rings, Earle (1993) found that the historical
period (since 1850) was generally wetter than preced-
ing periods, with four 10- to 15-year periods of above
average flows. In the midst of these cycles of plenty,
however, the longest lower-than-average flow period
(34-yr1) occurred during the historical period, centered
on the decade of the 1930s. Based on tree rings from
the giant sequoia groves on the western slopes of the
Sierra Nevada, Hughes and Brown (1992) and Hughes

normally distributed than historical and,
presumably, actual flows from past
epochs. However, the general tendencies indicated by
these estimated distributions probably describe qualita-
tive differences between flows in the various periods.
Overall, the distributions of reconstructed flows from
each of the periods fall mostly within the range of
95% of random samples (of comparable lengths, ca.
150 years) that can be drawn from the overall records
(shaded bands in Figure 6), indicating that the benign
historical period and the medieval droughts were not
completely different from the overall flow statistics of
the past 1,000 years. Thus, each of these periods could
well be a random run of good or bad luck within oth-
erwise statistically homogeneous climate variations.
Considered in more detail, the effects of the Mono
Lake droughts (often referred to as medieval droughts)
are more notable in the San Joaquin River reconstruc-
tion than in the Sacramento, with much greater than
modern frequencies of moderately less (as much as
25%) than normal flows. Notably, extremely low flows
were no more common during the medieval droughts
(particularly the first drought) than during the modern
era. Instead, the absence of very high flow years may
have contributed more to the character of the medieval
droughts. For example, extremely high San Joaquin
River flows (more than 12 km3/yr) were much less
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common during the earlier (ca. 900 - 1150 AD) Mono
Lake drought than during either the 1200 - 1350 AD
drought or the modern period. Modern San Joaquin
River flows have included more frequent moderately-
more-than-normal flows and more extremely high
flows than did either of the medieval droughts or the
overall range of distributions.

Comparison of the distributions of reconstructed
Sacramento River flows from the Mono Lake drought
periods and the modern era indicate that extremely
low reconstructed flows were no more common during
the Mono Lake drought periods than during the mod-
ern era. Moderately smaller-than-normal (by as much
as 25%) flows were considerably more common during
the first medieval drought than during the modern era,
and, conversely, moderately greater-than-normal flows
were notably more common during the modern period
than during either of the droughts or than most of the
random samples from the past 1,000 years (as indicat-
ed by the shaded bands). Thus the medieval droughts,
as experienced within the Bay-Delta watershed, were
a period of more frequent moderately dry years and
less frequent (than modern) moderately wet years, but
do not appear to include an unusual number of
extremely dry years. The modern era has yielded more
frequent moderately wet years and, in the San Joaquin
River, a few notable extremely wet years. A related
analysis of year-to-year differences in the reconstruct-
ed flows (not shown) indicates that year-to-year per-
sistence of annual flows were not significantly differ-
ent among the periods shown in Figure 6, except that
extremely dry years were actually less likely to follow
extremely dry years in the reconstructions of the two
medieval droughts; instead they tended to be inter-
rupted by near normal or even above normal flows.

Records and reports from the modern, mostly benign
period have formed the basis for most of the design
and engineering of systems to accommodate
California’s highly variable climate. Unfortunately, the
climate observations from this instrumented period
have provided us with a limited, somewhat optimistic
perspective on the carrying capacities of California’s
landscapes and resources, including our water supply
and flood control infrastructure (Dettinger and Cayan
2003). Our primary, if sadly incomplete, basis for
understanding and envisioning the climate processes

that led to these extended paleoclimate fluctuations
are the long- and short-term fluctuations found in
instrumental records of global climate during the
twentieth century, which for California have had ori-
gins mostly in the climate of the Pacific Ocean basin.
The probability distributions indicated by Fig. 6 repre-
sent more complete indications of the possible natural
variations of California’s climate, and are at once a
matter of some concern (what if, for example, we
revisit a century or mode of climate variations like
those during the medieval droughts?) and a basis for
some optimism (as devastating as the medieval
droughts were in the eastern Sierra, they represent
mostly changes in the frequency of moderately dry
rather than of extremely dry years in the Bay-Delta’s
watershed).

Regional Links to Global Climate

The San Francisco Bay Estuary is closely tied to the
climate of the coastal ocean through daily tides and
gradual sea level rise, salinity, water temperature and
chemistry, and sediments (Cayan and Peterson 1993),
especially in the westernmost parts of the Estuary.
However, in most of the Estuary, the most direct
response to climate is through the annual variations in
freshwater inflows from the watershed. Through these
watershed effects, important indirect climatic linkages
between the Estuary and coastal ocean exist because
the coastal ocean and watershed generally respond to
the same large-scale atmospheric circulations (Cayan
and Peterson 1993). Temperature and current changes
and variations in the coastal ocean frequently coincide
with periods of drought and plenty in the Estuary and
its watershed in paleoclimate archives (e.g., Roark et al
2003, Barron et al. 2003). Similarly, in the instrumen-
tal records of the past century, important, global-scale
climatic events have been observed to influence both
the coastal ocean and Estuary-watershed systems (e.g.,
Peterson et al. 1995). These regional to global influ-
ences can be addressed on three time scales: sub-
decadal, corresponding roughly to time scales less
than 10 years; decadal to multidecadal; and centennial-
to multicentennial-scale.

Subdecadal climate variability in the region is domi-
nated by the ENSO phenomenon of the tropical Pacific
(Cayan and Webb 1992). The influence of this phe-



nomenon has been recorded in many paleoclimate
archives around the world (e.g., Mann et al. 2000;
Stahle et al. 1998; Cobb et al. 2001; Evans et al. 2001),
although the precise linkages that bind ENSO fluctua-
tions to the proxies are incompletely understood and
vary in robustness. The climatic teleconnections and
mechanisms linking the ocean-atmosphere interactions
of the tropical Pacific Ocean to California during
ENSO events have been described in historical and
instrumental climate records (Cayan, et al. 1999;
Dettinger, et al. 1998; Dettinger et al. 2001). ENSO
reflects irregular oscillations of the tropical Pacific cli-
mate that have, as one extreme, warmer-than-average
tropical-ocean, “El Nifio” states and, as the other
extreme, cooler-than-average tropical, “La Nifia”
states. During El Nifio winters, barometric pressures
within the Aleutian Low atmospheric-pressure center
are generally lower than normal, and winter storms
are preferentially steered towards southern California
and the Southwest (Cayan and Webb 1992). Thus, El
Niflo winters are often unusually wet in southern
California, an effect amplified and expressed by
increased streamflows (Cayan et al. 1999) and sedi-
ment transports (Inman and Jenkins 1999; Mertes and
Warrick 2001). During La Nifia winters, pressures in
the Aleutian Low are not as low and winter storms are
steered more towards the Pacific Northwest and north-
ern California (e.g., Johnstone 2004). Precisely where
storms pass through California varies from storm to
storm, and from year to year. On average, though, the
Estuary itself is located near the point where either El
Nifio or La Nifia conditions can bring rain or drought.
Locally, the influences of El Nifio and La Nifia condi-
tions can even vary from river basin to river basin
(Andrews et al. 2004). Thus, the precise outcome in
the Bay of any given El Nifio is highly uncertain and
unpredictable, and much of the ENSO signal found in
the paleoclimate archives arises directly or indirectly
from its influences in the northern and southern parts
of the watershed, where the ENSO influences are
somewhat more reliable. Along with these hydrocli-
matic connections, El Nifio episodes bring warm ocean
water to coastal California, both by changing wind
patterns and attendant coastal upwelling patterns and
by some northward propagation of oceanic currents
and deep-seated waves (Enfield and Allen 1980).
Indeed, California (and much of the West) is generally
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warmer during El Nifio episodes and cooler during La
Nifias (Dettinger et al. 2001), and thus coastal ocean
and watershed conditions are linked at these sub-
decadal scales by, and through, their responses to
ENSO events (which are only the most celebrated and
predictable of a wide range of large-scale climate
events that buffet California and its coastal waters
from year to year).

The multidecadal variability of Pacific climate and,
less directly, of California’s temperature and precipita-
tion, have been described in terms of the PDO
(Mantua et al. 1997), the dominant multidecadal mode
of North Pacific sea surface temperatures. The PDO is
largely (and perhaps even entirely) a reflection of the
irregularity of the higher-frequency ENSO episodes as
they vary from decade to decade (e.g., Newman et al.
2003). El Niftos and La Nifias occur irregularly
through time, with no reliable sequences, other than
very approximate return intervals on the order of two
to five years (Ghil et al. 2002). Their appearances are
so irregular that some decades are much more El
Nifio-rich (with more frequent and stronger El Nifios)
and others are more La Nifia-rich. These multi-decadal
swings in the ENSO forcings contribute to the notably
multidecadal character of California’s precipitation,
with extended drought or “drought-y” periods separat-
ed by extended wetter intervals. Granger (1979), for
example, noted a roughly 15-year cycle in California
seasonal precipitation variability during the twentieth
century. PDO is mostly associated with climatic fluctu-
ations on the order of 25-35 years long (Mantua et al.
1997), but with elements apparently ranging to as
long as 70 years (e.g., Minobe 1997).

PDO fluctuations contribute as much variability to
California’s climate as does ENSO (e.g., Dettinger et al.
2001; Benson et al. 2003), preferentially steering win-
ter storms northward or southward, and yielding
warmer or cooler coastal and inland temperatures,
depending on PDO status much as does ENSO, but on
much slower time scales. Several reconstructions of
paleoclimate variations, from beyond the Estuary and
watershed, have attempted to chronicle PDO variations
during (Hereford et al. 2003) or before the instrument-
ed period (Biondi et al. 1999, 2001; Gedalof and
Mantua 2002; D’Arrigo et al. 2001; Gedalof and Smith
2001) using a variety of tree-ring chronologies from
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Figure 7. Oxygen isotopes from central Santa Barbara Basin
(All-125 JPC-76) showing A) 8'80 values of foraminifera, includ-
ing benthic N. pachyderma (green) and planktic G. bulloides
(blue) and B) 580 values derived from the difference between
the benthic and planktonic foraminifera; 50-yr averages (heavy
lines) accentuate multi-decadal to centennial variability (Friddell
et al. 2003).

western North America, along with—in some studies—
tropical corals and other paleoclimatic resources.
These reconstructions describe multidecadal climate
fluctuations (and hiatuses of multidecadal variability;
e.g., Dettinger et al. 1998) that might plausibly explain
some of the multidecadal character of the Estuary and
watershed’s past climates described above. Recent
work in progress (MacDonald 2004) adds lake records

from the central Sierra Nevada to tree ring archives to
expand the previous more regional reconstructions of
Pacific climates and to focus it more precisely on
California. Preliminary results indicate 60-year PDO-
like periodicities that have varied significantly during
the past 1,000 years. Recent efforts to quantify rela-
tions between western drought (McCabe et al. 2004)
and paleodrought (Gray et al. 2003) patterns and the
slow evolutions of the North Atlantic climate have not
yet extracted clear linkages to California, but may
ultimately provide another climate mechanism for
explaining multidecadal paleoclimate fluctuations of
the Estuary and watershed.

In coastal California, variations in the 8180 isotopic
compositions of benthic (bottom) and planktic (sur-
face) foraminifera contained in sediment archives from
Santa Barbara Basin, may provide records of Holocene
PDO fluctuations (Friddell et al. 2003). Figure 7 uses
differences (Ad'80) between the isotopic compositions
of the benthic and planktic foraminifera as a measure
of PDO status (warm versus cold coastal water). The
benthic-planktic differences indicate that coastal
waters during the warm middle Holocene period (espe-
cially around 5,200 to 3,600 years ago) were warm, so
that PDO may have been in a warm phase, with more
intense El Nifios. After about 3,600 years ago, coastal
temperatures cooled rapidly, with an associated weak-
ening of interannual variations believed to be associ-
ated with ENSO (Friddell, et al. 2003). Very long-term
excursions in the Pacific climate forces affecting
California are thus a natural part of its climate. Due to
anomalously low sedimentation rates in the top part
of the marine core, their isotope record does not cover
the most recent millennia, but instead ends 3,000
years before present.

The persistence and extreme severity of some of the
century-long and multi-century paleoclimate episodes
during the past 2,000 years are beyond the range of
climate variations witnessed in the instrumental peri-
od. The past two millennia have included droughts of
unexpected severity and duration and floods larger
than any that we have directly experienced. During
this time, solar-insolation (Figure 4) and other natural
climate forcings (like volcanoes) on the climate system
were not so different from today (Bradley 2003). Thus
there is every reason to believe that ENSO and PDO



played much their “usual” roles during that period.
Neither of these oscillations—as we understand them
from the historical period—seems adequate to explain
the megadroughts and megafloods of the “recent” past,
if only because (in our experience) both are funda-
mentally modes of variation of the Pacific climate sys-
tem and not static conditions. Thus we will need to
develop a combination of increasing confidence in
what the paleoclimate archives are telling us about the
past climates and more explanatory options (perhaps
to be obtained by more analyses of droughts and
floods in very long control runs of modern coupled
ocean-atmosphere climate models), if we are to under-
stand the reasons and harbingers of megadroughts and
extended wet epochs (pluvials) in California.

Nineteenth and Twentieth Century Influences

Capping many of these paleoclimatic archives are evi-
dences of the rapid changes imposed on the Bay-Delta
and watershed during the modern period of European-
American development of the state. During the past
two centuries, our society has substantially modified
the landscape of the Bay-Delta and its watershed. Most
of the paleoclimate archives discussed so far describe
climate variations and landscape responses that
occurred prior to these modifications. However, many
of the records also reveal significant ecological changes
during the last two centuries, reflecting the major
effects of European-American activities on the
Bay-Delta and watershed systems. These changes were
not always recorded well in documentary sources, as
some of the changes spanned generations (e.g., shifting
plant assemblages on the marsh surfaces towards
increasingly salt tolerant species), and all were embed-
ded in considerable human tumult and natural variabil-
ity. Because they are objective and present even when
documents fail, California’s paleoarchives can provide
crucial information about processes in the modern era.

One important aspect of the Bay-Delta and watershed
system that recent landscape modifications have
impacted is its sediment budgets. Prior to large-scale
modifications of the Estuary-watershed landscape dur-
ing European-American settlement, geomorphic
processes in the lowland portion of the Sacramento
and San Joaquin River system were dominated by
abrupt channel changes (avulsion), progressive chan-
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nel migration, erosion, and sedimentation, mostly dur-
ing floods of various magnitudes. These dynamic
processes governed long-term sediment loads and dep-
osition rates, supported habitat heterogeneity and bio-
diversity in the Central Valley’s riparian systems, and
have, during the late Holocene, varied widely in
response to climatically-driven events and episodes.
Since the time of the Gold Rush, the natural sediment
budgets of the Estuary and watershed have been virtu-
ally overwritten by many different actions. Hydraulic
mining for gold between 1853 and 1884 (Gilbert 1917;
James 1991, 1993; Mount 1995) dramatically changed
watershed landscapes and released vast volumes of
sediment into the region’s rivers. Dams, levees, chan-
nelization, water diversions, filling and diking of wet-
lands, clearing and agricultural domination of flood-
plains, and Delta islands have since been imposed
upon the landscape and on the continuing impacts of
hydraulic mining (Gilbert 1917; SFEP 1992; Mount
and Twiss, 2005). The sediment released by some of
these changes, as well as the sediment deficits created
by others, have rippled through the watershed and into
the Estuary, and are evidenced in Bay and marsh sedi-
ments (Jaffe et al 1998; Cappiella et al. 1999) and in
stratigraphic sequences beneath the lowland flood-
plains (Florsheim and Mount 2003). The Gold Rush
sediment “pulse” (and subsequent anthropogenically
accelerated sediment source) was eventually transport-
ed through the Delta to the Bay, where net sediment
accretion dominated the geomorphology of the Bay,
particularly in San Pablo Bay and Suisun Bay, well
into the twentieth century (Jaffe et al. 1998; Cappiella
et al. 1999). This influx of sediment is recorded in sed-
imentary deposits throughout the system and created
new areas of tidal marsh during the past century
(SFEP 1992; Malamud-Roam 2002).

In addition to altering sediment transport through the
system, engineered structures in the region’s rivers and
floodplains have also changed the character of floods
and geomorphic processes. Under natural conditions,
most (lowland) rivers followed multiple-channel and
flood-basin pathways; human engineering has restrict-
ed most river segments to flow instead in single chan-
nels isolated by levees from increasingly developed
floodplains into flood-bypass channels. Extensive lev-
ees and multiple dams currently regulate flow on most
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large Sierran and Coast Range rivers, so that flows in
the Sacramento and San Joaquin Rivers and their trib-
utaries are now under human control at most times
and places. In particular, the timing of flows has been
modified by emplacement of large reservoirs so that
waters are retained during the wet winter months,
stored in reservoirs, and released and diverted during
the drier summer and fall months (Knowles 2002).
Most large and small flood peaks are ameliorated in
the process. However, historically, existing dams and
levees have not been able to control floods and geo-
morphic processes as completely as society might
intend, during anything but small to moderate events.
For example, the combination of aging levees with
significant sediment-transport changes that raised
lowland river channels relative to surrounding flood-
plain elevations following hydraulic mining activities,
or incised channels and increased bank heights fol-
lowing upstream dam construction and aggregate
extraction have made some reaches more vulnerable
to flood damages. As a consequence, levee breaches
along lowland reaches of the Sacramento-San Joaquin
Rivers system have not declined despite the flood con-
trol infrastructure (Florsheim and Dettinger 2004;
2005). Moreover, Knowles (2002) showed that the
largest floods and droughts still are strongly reflected
(on longer time scales) in flows and flooding in the
upland rivers and in flows and salinities in the
Estuary, despite best efforts to control these climatical-
ly driven fluctuations. At the same time, along with
the flood controls, reclamation of Delta islands has
been followed by the aging of their bounding levees
and subsidence of their interior lands, progressively
destabilizing the Delta landscapes (Mount and Twiss
2005). Thus along with degradation of ecological sys-
tems (Josselyn 1983), recent human activities have
impacted sediment supply and degraded the region’s
structural stability (in the face of flooding).

Finally, vegetation records from Bay tidal marshes
from the past century indicate increases in salt toler-
ant plant species (Byrne et al. 2001; Malamud-Roam
and Ingram 2004; May 1999). In many cases, these
historic changes in marsh vegetation were abrupt and
coincided with the mid-twentieth century completion
of major reclamation projects in the Central Valley
(Shasta Dam, Friant Dam, and the Delta-Mendota and

Friant-Kern canals). Diversions of water from the
Delta for agriculture and urban use in the southern
part of the state have further reduced the overall
amount of freshwater flowing through the Delta (SFEP
1992). The diversions have contributed to declines of
some estuarine ecosystems, and—for our purposes
here—may also be making current and restored
ecosystems of the Estuary and watershed even more
sensitive to climate variability and change than under
prehistoric conditions.

SUMMARY

Paleoclimate records from the San Francisco Bay-Delta
Estuary and watershed describe a wider range of cli-
matic conditions than has been witnessed in twentieth
century instrumental climate records. In general, pale-
oclimate records from both the Estuary and watershed
suggest that the period from about 4000 to 2000 yr
B.P. was relatively wet and cool, compared to both the
preceding millennia and modern times. Thereafter,
California became generally drier, albeit with both
extended droughts and extremely wet events appear-
ing within the drier conditions. A particularly dry
period in California occurred during medieval times
(roughly 900 - 1100 AD), leaving traces in sedimenta-
ry records, tree rings, and archeological remnants
from the Great Basin to the Bay. This extreme drought
period coincided with anomalously warm coastal-
ocean temperatures off Santa Barbara (Barron et al.
2003; Friddell et al. 2003; Roark et al. 2003) in an
area where the ocean temperatures are generally
linked to global climate processes like ENSO and PDO.
In contrast, the Little Ice Age (roughly 1400 - 1800
AD) appears to have been a wetter period in
California, with notably cooler coastal ocean tempera-
tures (Roark et al. 2003).

By and large, the climate of the twentieth century has
been just more of the irregular, chaotic fluctuations of
climate recorded in the paleoclimate archives during
the past two millennia, except that it has been a
notably stable subset of those fluctuations. The char-
acter of California’s recent climate is just an indication
that modern Californians have been uncommonly for-
tunate during our tenure in the state. No aspect of the
climate system, as we currently understand it, precludes
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the Bay-Delta-watershed system.
For example, multi-decadal to cen-

T tennial variations in the occur-
rence of salt-tolerant plants in the
Bay tidal marshes (e.g., Malamud-
Roam and Ingram 2004, Byrne et
al. 2001, Goman and Wells 2000,
May 1999) are compared to
smoothed reconstructions of flows
in the Sacramento and San
Joaquin Rivers in Figure 8. Some
swings (e.g., around 1200 and
1850 AD) towards less dominantly
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Figure 8. Relative dominance of salt-tolerant plants in the Bay-
Estuary tidal marshes over time as a measure of vegetation
response to changes in freshwater inflow (values are relative
index with -1 reflecting greater dominance of salt tolerant
plants, or decreased inflow). These data are superimposed on
smoothed tree ring-based reconstructions of the San Joaquin
(red line) and Sacramento (green) rivers (river reconstruction
source: Meko et al. 2002).

a return to the more common erratic and less-than-
benign climates of recent millennia. Rather than being
lulled into a false sense of confidence by the capacity
of our civil structures to weather “normal” twentieth
century climate variations, the paleoclimate observa-
tions underscore the importance of developing meth-
ods for incorporating long-term paleoclimate records
into planning and policy decisions. Although the pale-
oclimate record does not allow us to predict when the
next major drought or deluge may occur, it informs us
that major climate extremes beyond those experienced
in the past 100 years have occurred all too often dur-
ing California’s prehistory. We therefore must assume
that they can, and eventually will, occur again, so that
the probabilities and responses to such events need to
be explored with whatever tools are at our disposal.

Paleoclimatic records inform us not only of the proba-
bilities of these extreme events; when synthesized
regionally, the records provide us with the opportunity
to understand the vulnerabilities of various parts of

ments in the time series are not as
well synchronized. Quite likely, the tidal marsh vegeta-
tion responses to runoff variations depend on more
than just changes in annual runoff from the watershed
as a whole. Rather, the plants probably respond to
“details” not yet captured by the runoff reconstruc-
tions, like when, during their life-cycles, freshwater-
inflow changes occurred and thus the subannual and
subregional patterns of the climate shifts. The linkages
between estuarine responses and watershed changes,
now and in the future, are likely to be just as subtle.
Therefore the more we can evaluate, understand and
explain the agreements and disagreements between
estuarine and watershed prehistories in figures like
Figure 8, the more we will be able to predict long-term
estuarine responses to future climate, landscape, and
runoff changes. Thus, research aimed at a more com-
plete integration and intercomparison of paleoclimate
archives spanning the length of the Estuary-watershed
system should be a high priority. If paleoarchives in
the uplands of the watershed tell us of major and
extended droughts during medieval times, then a
pressing question must be: What were the effects of
such droughts in the Bay and Delta? If paleoarchives
tell us of saltier and thus presumably drier conditions
in the Bay during some epoch, then a pressing ques-
tion must be: how dry were the uplands to evoke such
a response?

An important early step towards accomplishing this
will be to accelerate efforts to develop paleoclimate



SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

archives in the Estuary proper. Table 1 provides details
of all the paleoclimate archives collected from the
Estuary proper to date: a total of 6 sediment cores
from sites in the Bay and 12 from the surrounding
tidal marshes. This list is tiny compared to the richer
paleoclimatic stores that have been collected from the
watershed (e.g., Figure 1), and that disparity will need
to be addressed if past estuarine-watershed connec-
tions are to be reliably documented. Even within the
short list of estuarine paleorecords, disparities need to
be addressed. This call for accelerated efforts in the
Estuary should not be interpreted as suggesting that
there is not a large body of important research that
remains to be done in the watershed; however, the
number and temporal precision of paleorecords from
the Estuary lag so far behind those of the watershed
that a new emphasis in the Estuary is needed to aug-
ment the many ongoing and future studies in the
watershed in order to meet the information needs of
local and regional planning agencies. Furthermore, the
vast majority of the estuarine cores have been taken
from the northern reaches of the Estuary, and efforts
are needed to collect and analyze bay and marsh sedi-
ment samples from all the sub-basins of the Estuary.
With the resulting broader estuarine coverage, climatic
responses from more parts of the Estuary will be doc-
umented and differences in climatic vulnerability
around the Estuary will become clearer.

Studies in the Estuary must also develop higher reso-
lution paleorecords with more accurate chronologies,
particularly for the past several hundred years.
Improved age-resolution will allow better analysis of
natural conditions just prior to, and during, the period
of European occupation. These centuries were times of
great change, but also are the periods most commonly
documented by the high-resolution, high-quality tree-
ring chronologies from around most of the watershed.
An important opportunity for improving the resolution
and accuracy of dating of the estuarine sediments will
be application of lead-isotope (219Pb) dating methods
to sediments from approximately the past 100 years.
Where various plant species were introduced by
Europeans, pollen identification can add another 30
to 50 years to the length of time when estuarine
cores can be accurately dated. On longer time scales,
an important step towards better chronological con-

trols would be a concerted effort to improve the
databases and statistical relations that describe past
fluctuations of 14C in the atmosphere and coastal
ocean of the Bay-Delta and watershed region. The
more accurate the available models of local 14C ages
are, the more confident and accurate will be compar-
isons among paleoarchives around the Bay-Delta-
watershed system.

The effects of subdecadal to decadal climate fluctua-
tions (e.g., ENSO and PDO) on the San Francisco Bay
system should continue to be explored in the pale-
oarchives. The Bay-Delta watershed spans almost 7°
of latitude along the west coast of North America.
Precipitation varies significantly over these latitudes,
in response to important global-scale climate
processes. Extending the work that others have
started on spatial reconstructions of precipitation in
California on interannual to multidecadal time scales
will improve our understanding of the effects of
ENSO and PDO, and may provide the firmest basis
for characterizing the centennial precipitation
changes illustrated by the longer paleoclimate archives.
For example, a 400-year spatial reconstruction of pre-
cipitation in California from the latitude of San
Francisco Bay south to the Mexican border (Haston
and Michaelsen 1997) found precipitation anomalies,
including wetter and drier than the mean, to be
more common at the latitude of the Bay and Delta
than farther south during the period 1560 - 1760
AD, possibly the result of stronger meridional flow
in the atmosphere during that period than in more
recent times. This was also a period with less multi-
decadal precipitation variability along the West
Coast as a whole (Dettinger et al 1998). Similar
studies specifically addressing the variations within
the San Francisco Bay watershed could help to focus
scientific progress on the spatial scales of most
interest to managers of California water and land
resources.

More research is also needed to better characterize
spatial differences of climate within the watershed and
how those differences affect the Estuary. It is clear
that short-term climate variations over the northern
part of the watershed, the Sacramento River drainage,
differ from climate variations over the San Joaquin
River drainage to the south. For example, Meko et al.



(2004) presents tree-ring reconstructions of annual
flows in the Sacramento and the San Joaquin Rivers
that show considerable year-to-year asynchronies
between the flows from the two rivers during the past
1,000 years in a context of substantial synchronization
at multidecadal time scales. The Bay and Delta (and,
indeed, the statewide water systems) respond to the
flows from both halves of the Central Valley, and thus
the longer-term histories of synchronous-asynchro-
nous fluctuations of flows from the two halves need to
be better documented and explored.

Finally, one of the primary limitations on the use of
paleoclimatic archives in engineering and planning is
the lack of clear, quantitative links between the paleo-
climatic indicators and the (usually) larger scale dis-
charges, transports, and conditions that must be man-
aged or accommodated. A spatially extensive and linked
set of process models is needed that can simulate pale-
ochanges of salinity, sediment texture, erosion, sediment
transports, sediment deposition, and soil moisture in
response to the best paleoclimatic archives of precipita-
tion, stream flows, temperatures, water qualities, ecosys-
tem changes, and geomorphic changes in the watershed.
Such models could support more detailed quantification
and interpretation of the climate and runoff variations
that resulted in measured changes in the paleoclimatic
archives than is possible now. Such models could be
linked from the watersheds (where climate signals usu-
ally “enter” the system) to the Bay and Delta. A model-
ing effort of this scope and scale would expand (and
test) our understanding of how long-term climate varia-
tions propagate through the estuarine and watershed
systems to the region’s rivers, landforms, marshes, and
ecosystems, at a time when long-term trends in climate
are rapidly approaching. Such models would also pro-
vide a basis for evaluating the effectiveness of today’s
infrastructures and decisions in the face of the more
complete depiction of California’s climate that is offered
by the region’s paleoclimate archives.

ACKNOWLEDGMENTS

We would like to acknowledge support from the CALFED
Science program and from the U.S. Geological Survey
through Cooperative Agreements 03WRAGO003 and
03WRAGO0005. We also extend thanks to several people

FEBRUARY 2007

for their help with this manuscript, including Jeanne
DiLeo at the U.S. Geological Survey for her help with all
the figures and tables; K. Roam, K. Malamud-Roam, M.
Goman, B. Roark, P. Schweikhardt, R. Byrne, B. Watson, L.
Smith and J. Collins for discussions, and two anonymous
reviewers for comments that improved the manuscript.

REFERENCES

Anderson R. 1990. Holocene forest development and
paleoclimates within the Central Sierra Nevada,
California. Journal of Ecology 78:470-489.

Anderson RS, Smith SJ. 1994. Paleoclimatic interpreta-
tions of meadow sediment and pollen stratigraphies
from California. Geology 22:723-726.

Andrews ED, Antweiler RC, Neiman PJ, Ralph, FM.
2004. Influence of ENSO on flood frequency along the
California coast. Journal of Climate 17:337-348.

Atwater BF. 1979. Ancient processes at the site of
southern San Francisco Bay: Movement of the Crust
and Changes in Sea Level. In: Conomos TJ, Leviton
AE, Berson M, editors. San Francisco Bay: The
Urbanized Estuary. San Francisco (CA): Pacific
Division, AAAS. p 31-45.

Atwater BF, Marchand DE. 1980. Preliminary maps
showing late Cenozoic deposits of the Bruceville, Elk
Grove, Florin, and Galt 8.7-minute quadrang]es,
Sacramento and San Joaquin counties, CA. U.S.
Geological Survey OFR 80-849, 11 p.

Barron JA, Heusser L, Herbert T, Lyle M. 2003, High-
resolution climatic evolution of coastal northern
California during the past 16,000 years.
Paleoceanography 18:1020-1039.

Benson L, Kashgarian M, Rye R, Lund S, Paillet F,
Smoot J, Kester C, Mensing S, Meko D, Lindstrom S.
2002. Holocene multidecadal and multicentennial
droughts affecting northern California and Nevada.
Quaternary Science Reviews 21:659-682.

Benson L, Linsley BK, Smoot J, Mensing S, Lund S,
Stine S, Sarna-Wojcicki A. 2003. Influence of the
Pacific Decadal Oscillation (PDO) on the climate of the
Sierra Nevada, California and Nevada. Quaternary
Research 59:151-159.



SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

Biondi F, Gershunov A, Cayan DR. 2001. North Pacific
decadal climate variability since AD 1661. Journal of
Climate 14: 5-10.

Biondi F, Cayan DR, Berger WH. 1999. Decadal-scale
changes in southern California tree-ring records. In:
Karl TR, editor. Proceedings, 10th Symposium on
Global Change Studies. Boston (MA): American
Meteorological Society.

Bradley RS. 2003. Climatic forcing during the
Holocene. In: Mackay A, Battarbee R, Birks HJB,
Oldfield F, editors. Global change in the Holocene.
London (UK): Arnold. 1019.

Bradley RS, Hughes MK, Diaz HF. 2003. Climate in
medieval time. Science 302:404-405, doi:10.1126/sci-
ence.1090372.

Brown KJ, Pasternack GB. 2004. The geomorphic
dynamics and environmental history of an upper
deltaic floodplain tract in the Sacramento-San Joaquin
Delta, CA., USA. ESP&L 29:1235-1258.

Brunelle A, Anderson RS. 2003. Sedimentary charcoal

as an indicator of late-Holocene drought in the Sierra

Nevada, California, and its relevance to the future. The
Holocene 13:21-28.

Byrne R, Ingram BL, Starratt S, Malamud-Roam F,
Collins JN, Conrad ME. 2001. Carbon-isotope, diatom
and pollen evidence for late Holocene salinity change
in a brackish marsh in the San Francisco Estuary.
Quaternary Research 55:66-76.

[CALFED] California Bay-Delta Program. 2001. Annual
Report 2001. Sacramento (CA): California Bay-Delta
Program. 78 p.

Cappiella K, Malzone CM, Smith RE, Jaffe B. 1999.
Historical bathymetric change in Suisun Bay: 1867-1990.
Menlo Park (CA): U.S. Geological Survey OFR-99-563.

Cayan DR, Kammerdiener S, Dettinger MD, Caprio JM,
Peterson DH. 2001. Changes in the onset of spring in
the western United States. Bulletin American
Meteorological Society 82:399-415.

Cayan DR, Peterson DH. 1993. Spring climate and
salinity in the San Francisco Bay estuary. Water
Resources Research 29:293-303.

Cayan DR, Redmond KT, Riddle LG. 1999. ENSO and
hydrologic extremes in the western United States.
Journal of Climate 12:2881-2893.

Cayan DR, Webb RH. 1992. El Nifio/Southern
Oscillation and streamflow in the western United
States In: Diaz HF, Markgraf V, editors. El Nifio: his-
torical and paleoclimatic aspects of the Southern
Oscillation. Cambridge University Press. p 29-68.

Cobb KM, Charles CD, Hunter DE. 2001. A central
tropical Pacific coral demonstrates Pacific, Indian and
Atlantic decadal climate connections. Geophysical
Research Letters 28:2209-2212.

D’Arrigo R, Vilallba R, Wiles G. 2001. Tree-ring esti-
mates of Pacific decadal climate variability. Climate
Dynamics 18:219-24.

Davis OK. 1992. Rapid climatic change in coastal
southern California inferred from pollen analysis of
San Joaquin Marsh. Quaternary Research 37:89-100.

Dettinger MD. 2005. From climate-change spaghetti to
climate-change distributions for 21st Century
California. San Francisco Estuary and Watershed
Science, 3, 1, article 3.

Dettinger MD, Cayan DR. 1995. Large-scale atmos-
pheric forcing of recent trends toward early snowmelt
in California. Journal of Climate 8:606-623.

Dettinger MD, Cayan DR. 2003. Interseasonal covari-
ability of Sierra Nevada streamflow and San Francisco
Bay salinity. Journal of Hydrology 277:164-181,
doi:10.1016/S0022-1694(03)00078-7.

Dettinger MD, Cayan DR, Diaz HF, Meko DM. 1998.
North-south precipitation patterns in western North
America on interannual-to-decadal time scales.
Journal of Climate 11: 3095-111.

Dettinger MD, Battisti DS, Garreaud RD, McCabe GJ,
Bitz CM. 2001. Interhemispheric effects of interannu-
al and decadal ENSO-like climate variations on the
Americas. In: Markgraf V, editor. Interhemispheric
climate linkages: present and past climates in the
Americas and their societal effects. Academic Press. p
1-16.



[DWR] California Department of Water Resources.
1993. Sacramento-San Joaquin Delta Atlas.
Sacramento (CA): The Resources Agency. 121 p.

Earle CJ. 1993. Asynchronous droughts in California
streamflow as reconstructed from tree rings.
Quaternary Research 39:290-299.

Edlund EG. 1991. Reconstruction of late Quaternary
vegetation and climate at Lake Moran, central Sierra
Nevada, California [MA Thesis]. Available from
Geography Department, University of California,
Berkeley.

Edlund EG. 1996. Late Quaternary environmental his-
tory of montane forests of the Sierra Nevada,
California [Ph.D. dissertation]. Available from
Geography Department, University of California,
Berkeley.

Edlund EG, Byrne AR. 1991. Climate, fire and late
Quaternary vegetation change in the Central Sierra
Nevada. In: Nodvin SC, Waldrop TA, editor. Fire and
the Environment: Ecological and Cultural Perspectives.
U.S.D.A. Forest Service General Technical Report SE-
69. p. 390-396.

Ely LL, Enzel Y, Baker VR, Cayan DR. 1993. A 5000-
year record of extreme floods and climate change in
the southwestern United States. Science 262:410-412.

Enfield DB, Allen JS. 1980. On the structure and
dynamics of monthly sea level anomalies along the
Pacific coast of North and South America. Journal of
Physical Oceanography 17:553-564.

Enzel Y, Cayan DR, Anderson RY, Wells SG. 1989.
Atmospheric circulation during Holocene lake stands
in the Mojave Desert: evidence of regional climate
change. Nature 341:44-47.

Enzel Y, Wells SG. 1997. Extracting Holocene paleohy-
drology and paleoclimatology from modern records of
extreme events: an example from southern California.

Geomorphology 11:203-226.

Evans MN, Cane MA, Schrag DA, Kaplan A, Linsley
BK, Villalba R, Wellington GA. 2001. Support for trop-
ically-driven Pacific decadal variability based on pale-
oproxy evidence. Geophysical Research Letters
28:3689-3692.

FEBRUARY 2007

Fagan BM. 2003. Before California—An archeologist
looks at our earliest inhabitants. Rowman €t Littlefield.
400 p.

Fairbanks RG. 1989. A 17,000-year glacio-eustatic sea
level record: influence of glacial melting rates on the
Younger Dryas event and deep-ocean circulation.
Nature 342:637-642.

Feng, X and Epstein, S., 1994. Climatic Implications of
an 8000-Year Hydrogen Isotope Time Series from
Bristlecone Pine Trees. In Science, V. 265, 1079-1081

Field DB, Baumgartner TR. 2000. A 900 year stable
isotope record of interdecadal and centennial change
from the California Current. Paleoceanography 15:695-
708.

Florsheim JL, Dettinger MD. 2004. Influence of anthro-
pogenic alterations on geomorphic response to climate
variation and change in San Francisco Bay, Delta, and
Watershed. EOS Trans. AGU, 85(47), Fall Meet. Suppl.,

Abstract H51A-1108.

Florsheim, JL, Dettinger, MD. 2005. Influence of 19th
and 20th century landscape Modifications on Likely
Geomorphic Responses to Climate Change in San
Francisco Bay-Delta and Watershed. Watershed
Management Council Networker, Spring 2005 pp13-16.
http://www.watershed.org/wmc/index.php?module=Pos
tWrapétpage=/pdf/Spring2005.pdf

Florsheim JL, Mount JF. 2003. Changes in lowland
floodplain sedimentation processes: pre-disturbance to
post-rehabilitation, Cosumnes River, California.
Geomorphology 56:305-323.

Friddell JE, Thunell RC, T.P. Guilderson TP, Kashgarian
M. 2003. Increased northeast Pacific climatic variabili-
ty during the warm middle Holocene. Geophysical
Research Letters 30:14-1-14-4.

Gedalof Z, Mantua N. 2002. A multi-century perspec-
tive of variability in the Pacific Decadal Oscillation:
new insights from tree rings and coral. Geophysical
Research Letters 29:57-1-57-4.

Gedalof Z, Smith DJ. 2001. Interdecadal climate vari-
ability and regime-scale shifts in Pacific North
America. Geophysical Research Letters 28:1515-1518.



SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

Ghil M, Allen MR, Dettinger MD. Ide K, Kondrashov D,
Mann ME, Robertson AW, Saunders A, Tian Y, Varadi
F, Yiou P. 2002. Advanced spectral methods for cli-
matic time series. Reviews of Geophysics 40:1-41,
doi:10.1029/2000RG0O00092.

Gilbert GK. 1917. Hydraulic mining in the Sierra
Nevada. Menlo Park (CA): U.S. Geological Survey PP-105.

Goman M. 1996. A history of Holocene environmen-
tal change in the San Francisco estuary [Ph.D. disser-
tation]. Available from Department of Geography,
University of California, Berkeley.

Goman M, Wells E. 2000. Trends in river flow affect-
ing the northeastern reach of the San Francisco Bay
estuary over the past 7000 years. Quaternary Research
54:206-217.

Granger OE. 1979. Increasing variability in California
precipitation. Annals of the Association of American
Geographers 69:533-543.

Graumlich LE. 1993. A 1000-year record of tempera-
ture and precipitation in the Sierra Nevada.
Quaternary Research 39:249-255.

Gray ST, Betancourt JL, Fastie CL, Jackson ST. 2003.
Patterns and sources of multidecadal oscillation and
its relation to rainfall and river flows in the continen-
tal US: Geophysical Review Letters 30:49-1-49-4, doi:
10.1029/2002GL0O16154.

Haston L, Michaelson J. 1994. Long-term coastal
California precipitation variability and relationships to
El Nifio-Southern Oscillation. Journal of Climate
7:373-1387.

Haston L, Michaelsen J. 1997. Spatial and temporal
variability of southern California precipitation over
the last 400 yr and relationships to atmospheric circu-
lation patterns. Journal of Climate 10:1836-1852.

Hayhoe K, Cayan D, Field C, Frumhoff P, Maurer E,
Miller N, Moser S, Schneider S, Cahill K, Cleland E,
Dale L, Drapek R, Hanneman RM, Kalkstein L, Lenihan
L, Lunch C, Neilson R, Sheridan S, Verville J. 2004.
Emissions pathways, climate change, and impacts on
California. Proceedings, National Academy of Sciences
101:12422-124217.

Hereford R, Webb RH, Graham S. 2003. Precipitation
history of the Colorado Plateau region, 1900-2000.
U.S. Geological Survey FS-119-02.

Hughes MK. 2002. Dendrochronology in climatology -
the state of the art. Dendrochronologia 20:95-116.

Hughes MK, Brown PM. 1992. Drought frequency in
central California since 101 B.C. recorded in giant
sequoia tree rings. Climate Dynamics 6:161-197.

Hughes MK, Funkhouser G. 1998. Extremes of mois-
ture availability reconstructed from tree rings for
recent millennia in the Great Basin of Western North
America. In: Benniston M, Innes JL, editors. The
Impacts of Climate Variability on Forests. Springer-
Verlag (Berlin): Lecture notes in Earth Science 74.

Hughes MK, Funkhouser G. 2003. Frequency-depend-
ent climate signal in upper and lower forest border
trees in the mountains of the Great Basin. Climatic
Change 59:233-44.

Hughes MK, Graumlich LJ. 1996. Multimillennial den-
droclimatic studies from the western United States. In:
Jones PD, Bradley RS, Jouzel J, editors. Climatic
Variations and Forcing Mechanisms of the Last 2000
Years. Berlin: Springer-Verlag.

Hughes MK, Touchan R, Brown P. 1996. A multimil-
lennial network of giant sequoia chronologies for den-
droclimatology. Tucson (AZ): Tree Rings, Environment
and Humanity—Proceedings of the International
Conference, 225-234.

Ingram BL. 1998. Differences in radiocarbon age
between shell and charcoal from a Holocene shell-
mound in northern California. Quaternary Research
49:102-110.

Ingram BL, Conrad ME, Ingle JC. 1996a. Stable isotope
and salinity systematics in estuarine waters and car-
bonates: San Francisco Bay. Geochimica et
Cosmochimica Acta 60:455-467.

Ingram BL, Conrad ME, Ingle JC. 1996b. Stable isotope
record of late holocene salinity and river discharge in
San Francisco Bay, California. Earth and Planetary
Science Letters 141:237-247.



Ingram BL, Conrad ME, Ingle JC. 1996¢. A 2000-yr
record of Sacramento-San Joaquin River inflow to San
Francisco Bay estuary, California. Geology 24:331-334.

Ingram BL, DePaolo DJ. 1993. A 4300 yr strontium
isotope record of estuarine paleosalinity in San
Francisco Bay, CA. Earth and Planetary Science Letters
119:103-119.

Ingram BL, Southon JR. 1996. Reservoir ages in
Eastern Pacific coastal and estuarine waters.
Radiocarbon 38:573-582.

Inman DL, Jenkins SA, 1999. Climate changes and the
episodicity of sediment flux of small California Rivers.
Journal of Geology 107(3):251-270.

Jaffe BE, Smith RE, Torresan LZ. 1998. Sedimentation
and bathymetric change in San Pablo Bay: 1856-
1983. U.S. Geological Survey OFR 98-759.

James LA. 1991. Incision and morphologic evolution
of an alluvial channel recovering from hydraulic min-
ing sediment. Geological Society of America Bulletin
103:723-736.

James LA. 1993. Sustained reworking of hydraulic
mining sediment in California: G.K.Gilbert’s sediment
wave model reconsidered. Z. Geomorphologie, N.F.,
Suppl. Bd, 88:49-66.

Johnstone j. 2004. Decadal cycles of ENSO amplitude
and winter precipitation in northern California.
Starratt SW, Blomquist NL, editors, Proceedings of the
Twentieth Annual Pacific Climate (PACLIM) Workshop.
Sacramento (CA): Interagency Ecological Program for
San Francisco Estuary Technical Report 72, 21.

Jones TJ, Kennett DJ. 1999. Late Holocene sea temper-
atures along the central California coast. Quaternary
Research 51:74-82.

Josselyn M. 1983. The ecology of San Francisco Bay
tidal marshes: a community profile. Washington (DC):
U.S. Fish and Wildlife Service FWS/OBS-83/23.

Kennett DJ, Ingram BL, Erlandson JM, Walker P. 1997.
Evidence for temporal fluctuations in marine radiocar-
bon reservoir ages in the Santa Barbara Channel,
southern California. Journal of Archaeological Science
24:1051-1059.

FEBRUARY 2007

Knowles N. 2002. Natural and human influences on
freshwater inflows and salinity in the San Francisco
estuary at monthly to interannual scales. Water
Resources Research 38:25-1-25-11.

Kutzbach J, Gallimore R, Harrison S, Behling P, Selin
R, Laarif F. 1998. Climate and biome simulations for
the past 21000 years. Quaternary Science Reviews
17:473-506.

LaMarche V Jr. 1973. Holocene climatic variations
inferred from treeline fluctuations in the White
Mountains, California. Quaternary Research 3:632-
660.

LaMarche V Jr. 1974a. Paleoclimatic inferences from
long tree-ring records. Science 183:1043-1048.

LaMarche V Jr. 1974b. Frequency-dependent relation-
ships between tree-ring series along an ecological gra-
dient and some dendroclimatic implications. Tree-Ring
Bulletin 34:1-20.

Leavitt S. 1994. Major wet intervals in White
Mountains Medieval Warm Period evidenced in ?13C
of bristlecone pine tree rings. Climate Change 26:299-
308.

Lightfoot K. 1997. Cultural construction of coastal
landscapes: A middle Holocene perspective from San
Francisco Bay. In Erlandson J. and Glassow, M. (eds),
Archaeology of the California Coast during the Middle
Holocene, 129-141. Series, Perpectives in California
Archaeology 4, Institute of Archaeology, Univ. of
California.

MacDonald G. 2004. Multiple Modes Of Long-Term
Hydrological Variability: Evidence From High
Resolution Lake Records And Tree-Rings [abstract]. 3rd
Biennial CALFED Science Conference.

Malamud-Roam F. 2002. A late Holocene history of
vegetation change in San Francisco estuary marshes
using stable carbon isotopes and pollen analysis [Ph.D.
Dissertation]. Available from U.C. Berkeley.

Malamud-Roam F, Ingram L. 2004. Late Holocene
813C and pollen records of paleosalinity from tidal
marshes in the San Francisco estuary. Quaternary
Research 62:134-145.



SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

Malamud-Roam F, Ingram L, Hughes M, Florsheim JL.
2006. Late Holocene paleoclimate records from the
San Francisco Bay estuary and watershed, California.
Quaternary Science Reviews 25: 1570-1598.

Mann ME, Bradley RS, Hughes MK. 2000. Long-term
variability in the El Nifio Southern Oscillation and
associated teleconnections. In: Diaz HF, Markgraf V,
editors. El Nifio and the Southern Oscillation.
Multiscale Variability and Global and Regional
Impacts. Cambridge: Cambridge University Press, 357-
412.

Mantua NJ, Hare SR, Zhang Y, Wallace JM, Francis
RC. 1997. A Pacific interdecadal climate oscillation
with impacts on salmon production. Bulletin American
Meteorological Society 78:1069-1079.

McCabe GJ, Palecki MA, Betancourt JL. 2004. Pacific
and Atlantic Ocean influences on multidecadal
drought frequencies in the United States. Proceedings
National Academy of the Sciences 101:4136-4141.

May MD. 1999. Vegetation and salinity changes over
the last 2000 years at two islands in the northern San
Francisco Estuary, California. [M.A. Thesis]. Available
from U.C. Berkeley.

McGann M, Sloan D, Wan E. 2002. Biostratigraphy
underneath central San Francisco Bay along the San
Francisco-Oakland Bay Bridge project. Menlo Park
(CA): U.S. Geological Survey PP-1658, p. 11-28.

Meko DM, Caprio A, Hughes MK, Touchan R. 2004.
Species dependence of dendrohydrologic drought sig-
nal in San Joaquin basin [abstract]. 3rd Biennial
CALFED Science Conference.

Meko DM, Therrell MD, Baisan CH, Hughes MK. 2001.
Sacramento River flow reconstructed to A.D. 869 from
tree rings. Journal of the American Water Resources
Association 37:1029-1038.

Meko DM, Touchan R, Hughes MK, Caprio AC. 2002.
San Joaquin River flow reconstructed from tree rings
[abstract]. In: West GJ, Blomquist NL, editors,
Proceedings of the Nineteenth Annual Pacific Climate
Workshop. Sacramento (CA): Interagency Ecological
Program for San Francisco Estuary Technical Report
71, p 186.

Mensing SA, Byrne R, Michaelsen J. 1999. A 560-year
record of Santa Ana fires reconstructed from charcoal
deposited in the Santa Barbara Basin, California.
Quaternary Research 51:295-305.

Mertes LAK, Warrick JA. 2001. Measuring flood output
from 110 coastal watersheds in California with field
measurements and SeaWIFS. Geology 29:659-662.

Minobe S. 1997. A 50-70 year climatic oscillation over
the North Pacific and North America. Geophysical
Research Letters 24:683-686.

Mount JF. 1995. California rivers and streams.
Berkeley (CA): University of California Press.

Mount J, Twiss R. 2005. Subsidence, sea-level rise,
and seismicity in the Sacramento-San Joaquin Delta.
San Francisco Estuary and Watershed Science 3, issue
1, article 5.

Mote PW. 2003. Trends in snow water equivalent in
the Pacific Northwest and their climatic causes.
Geophysical Research Letters 30,
d0i10.1029/2003GL0172588.

[NRC] National Research Council, Committee on
American River Flood Frequencies. 1999. Improving
American River Flood Frequency Analyses.
Washington (DC): National Academies Press.

Newman M, Compo GP, Alexander MA. 2003. ENSO-
forced variability of the Pacific Decadal Oscillation.
Journal of Climate 16:3853-3857.

Nichols N, Gruza GV, Jouzel J, Karl TR, Ogallo LA,
Parker DE. 1996. Observed climate variability and
change. In: Houghton JT, Filho LGM, Callander BA,
Harris N, Kattenburg A, Maskell K, editors. Climate
Change 1995: The Science of Climate Change.
Cambridge University Press, 133-192.

Nichols FH, Cloern JE, Luoma SN, Peterson DH. 1986.
The Modification of an estuary. Science 231:567-573.

Peterson DH, Cayan DR, DiLeo-Stevens J, Noble M,
Dettinger MD. 1995. The role of climate in estuarine
variability. American Scientist 83:58-67.

Peterson DH, Cayan DR, Festa JF, Nichols FH, Walters
RA, Slack JV, Hager SE, Schemel LE. 1989. Climate
variability in an estuary: effects of riverflow on San



Francisco Bay. In: Peterson DH, editor. Aspects of
Climate Variability in the Pacific and the Western
Americas, Washington (DC): American Geophysical
Union Geophysical Monograph 55. p 419-442.

Porinchu DF, MacDonald GM, Bloom AM, Moser KA.
2003. Late Pleistocene and early Holocene climate and
limnological changes in the Sierra Nevada, California,
USA inferred from midges (Insecta: Diptera:
Chironomidae). Palaeogeography, Palaeoclimatology,
Palaeoecology 198: 403-422.

Roark EB, Ingram BL, Southon J, Kennett JP. 2003.
Holocene foraminiferal radiocarbon record of paleocir-
culation in the Santa Barbara Basin. Geology 31:379-
382.

Roos M. 1991. A trend of decreasing snowmelt runoff
in northern California. Juneau (AK): Proceedings 59th
Western Snow Conference, 29-36.

Ruddiman W. 2001. Earth’s climate: past and future.
New York (NY): WH Freeman Co.

[SFEP] San Francisco Estuary Project. 1992. State of
the Estuary: a report on conditions and problems in
the San Francisco Bay/Sacramento-San Joaquin Delta
Estuary. Oakland (CA): Association of Bay Area
Governments.

Schimmelmann A, Zhao M, Harvey CC, Lange CB.
1998. A large California flood and correlative global
climatic events 400 Years Ago. Quaternary Research
49:51-61.

Schimmelmann A, Lange CB, Meggers BJ. 2003.
Palaeoclimatic and archaeological evidence for a
~200-yr recurrence of floods and droughts linking
California, Mesoamerica and South America over the
past 2000 years. The Holocene 13:763-778.

Scuderi LA. 1993. A 2000-yr tree ring record of annu-
al temperatures in the Sierra Nevada mountains.
Science 259:1433-1436.

Shlemon RJ, Begg EL. 1975. Late Quaternary evolution
of the Sacramento-San Joaquin Delta, California. In:
Suggate RP, Cressel MM, editors. Quaternary studies.
Bulletin 13, The Royal Society of New Zealand. p 259-
266.

FEBRUARY 2007

Smith, SJ, Anderson RS. 1992. Late Wisconsin paleoe-
cologic record from Swamp Lake, Yosemite National
Park, California. Quaternary Research 38:91-102.

Soutar A, Crill PA. 1977. Sedimentation and climatic
patterns in the Santa Barbara Basin during the 19th
and 20th centuries. Bulletin Geological Society of
America 88:1161-1172.

Stahle DW, D’Arrigo RD, Cleaveland MK, Krusic PJ,
Allan RJ, Cook ER, Cole JE, Dunbar RB, Therrell MD,
Gay DA, Moore M, Stokes MA, Burns BT, Thompson
LG. 1998. Experimental multiproxy reconstruction of
the Southern Oscillation. Bulletin American
Meteorological Society 79:2137-2152.

Stahle DW, Therrell MD, Cleaveland MK, Cayan DR,
Dettinger MD, Knowles K. 2001. Ancient blue oaks
reveal human impact on San Francisco Bay Salinity.
EOS, Transactions of the American Geophysical Union
82:141,144-145.

Starratt SW. 2004. Diatoms as indicators of late
Holocene fresh water flow variation in the San
Francisco Bay estuary, central California, U.S.A. In:
Poulin M. (Ed.) Seventeenth International Diatom
Symposium, Biopress Ltd., Bristol, 371-397.

Starratt SW. 2003. Siliceous Microfossils as Proxies for
Late Holocene Climate Change: The Record from
Northern San Francisco Bay and the Sacramento Delta,
California, USA. Abstract. In: Proceedings of XVI
INQUA Conference. July, 2003. Reno, NV.

Stewart I, Cayan D, Dettinger M. 2005. Changes
towards earlier streamflow timing across western
North America. Journal of Climate 18:1136-1155.

Stine S. 1990. Late Holocene fluctuations of Mono
Lake, eastern California. Paleogeography,
Paleoclimatology, and Paleoecology 78:333-381.

Stine S. 1994. Extreme and persistent drought in
California and Patagonia during medieval time. Nature
369:546-549.

Stuiver M, Reimer PJ. 1993. Extended 14C data base
and revised CALIB 4.3 14C age calibration program.
Radiocarbon 35:215-230.



SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

Sullivan DG. 1982. Prehistoric flooding in the
Sacramento Valley: stratigraphic evidence from Little
Packer Lake, Glenn County, California [Masters Thesis].
Available from University of California, Berkeley.

Swetnam TW. 1993. Fire history and climate change in
giant sequoia groves. Science 262:885-889.

[USBR] United States Bureau of Reclamation. 2002.
Flood hazard analysis, Folsom Dam, Central Valley,
California. Washington (DC): NTIS DIBR-224.

Zhao M, Eglinton G, Read G, Schimmelmann A. 2000.
An alkenone (U37K’) quasi-annual sea surface temper-
ature record (AD 1440 to 1940) using varved sedi-
ments from the Santa Barbara Basin. Organic
Geohemistry 31:903-917.





