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ABSTRACT

The California State Water Project and federal
Central Valley Water Project decoupled long-term
trends in annual mean outflow and salinity from
long-term trends in precipitation. The water proj-
ects also dampen seasonal and annual outflow and
salinity variability. Despite this, both seasonal and
annual timescale outflow and salinity are generally
more variable in the water project era concordant
with watershed precipitation. We re-constructed
monthly time series of precipitation, outflow, and
salinity for the northern reach. These include salinity
at Port Chicago (since 1947), Beldons Landing (since
1929), and Collinsville (since 1921), Sacramento-
San Joaquin Delta outflow (since 1929), and a San
Francisco Estuary watershed precipitation index
(since 1921). We decomposed data into seasonal,
decadal, and trend components to clarify the super-
position of variability drivers. With the longest time
series over 1,000 months, these are the longest data
records in the estuary, save for Golden Gate tide. We
used the precipitation index to compare trends and
variability in climate forcing to outflow and salinity
trends before and after construction of the state and
federal water projects and the Suisun Marsh Salinity
Control Gate. We test the widely held conceptual
model that water project reservoir and delta export
operations reduce seasonal and annual outflow vari-

ability. We found that the water projects influence
the trend of the annual and some monthly means in
outflow and salinity, but exert far less influence on
variability. We suggest that climate is the primary
variability driver at timescales between one-month
and ~20 years. We underscore the understanding that
identifying trends and mechanisms requires data sets
that are longer than the timescale of the lowest fre-
quency forcing mechanism.
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INTRODUCTION

State and federal water projects in California modify
the magnitude and seasonal timing of San Francisco
Estuary watershed river inflows and outflow from the
Sacramento-San Joaquin Delta. Water project exports
from the Sacramento-San Joaquin Delta reduce river
outflow through the estuary more than 20% on aver-
age since 1968, primarily for southern state agricul-
tural and municipal water demands. From the incep-
tion of the water projects, investigators have warned
that these activities change the physical and chemical
estuarine environment in ways that are detrimental
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to estuary-dependent species (Mall 1969; Hedgepeth
1979; Moyle and others 2004). Outflow reduction and
modification of seasonal outflow timing affects biota
by changing their transport fate, modifying salin-

ity habitat, and shifting the availability of geomor-
phic habitat types, especially those associated with

or adjacent to salinity habitat (e.g. Kimmerer 2003;
Simenstadt 2001).

State and federal water agencies responded to con-
cerns about water project impacts with large-scale
and long-term mitigation efforts including the
Suisun Marsh Plan of Protection (1977), the CALFED
Ecosystem Restoration Program (CALFED 2000), and
the Bay-Delta Conservation Plan (BDCP 2009). In the
case of Suisun Marsh, over $130 million has been
spent on salinity control facilities and local assistance
to private landowners. During planning for the State
Water Project (SWP) in the 1960s, investigators sug-
gested that waterfowl habitat in the Suisun Marsh
could be degraded when lower outflow increased
channel water salinity leading to higher soil water

salinity and reduction in waterfowl food plant abun-
dance (George 1965; Mall 1969; Rollins 1973).

The northern reach of the San Francisco Estuary
(Figure 1) has long been a focus of ecosystem man-
agement and attempts to control salinity (Means
1928; California Water Plan 1957; George 1965;
Mall 1969; Rollins 1973; Jackson and others 1977).
The estuarine salinity gradient is generally steepest
and many organisms have abundance maximums

in Suisun Bay (Jassby and others 1995). The sea-
sonal magnitude of outflow is positively correlated
with abundance of aquatic species across trophic
levels (Jassby and others 1995; Kimmerer 2004).
Mechanisms for the relationship remain somewhat
uncertain and are different from one species and
life-stage to the next (Kimmerer 2002). Despite the
lack of demonstrated direct or indirect mechanistic
linkages, considerable water resources and manage-
ment effort (via regulatory water quality standards)
are dedicated to affecting seasonal outflow conditions
to protect salinity habitat (SWRCB 1995). In parallel,
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there are ongoing science programs that would iden-
tify the process linkages between outflow, and native
species abundance, presumably to improve the effec-
tiveness of future water quality standards (e.g. Healy
and others 2008).

The purpose of this paper is to describe long-term
trends and variability in San Francisco Estuary water-
shed precipitation, and northern reach outflow and
salinity. It is complementary to the work of Knowles
(2002) who considered the same problem using a
combination of data and modeling to discern the
contribution of climate and water project opera-
tions on monthly and interannual salinity variability.
This analysis also updates of the work of Fox and
others (1990) who showed that despite increasing
water depletions, outflow had not declined. They

cite increasing precipitation, land use induced run-
off increase, increased surface flow resulting from
groundwater overdraft, and water imports from other
drainages.

This work relies on up to 86 years of precipitation,
outflow, and salinity data. The length of the data sets
allows us to examine trend and variability differences
between pre- and post-water project periods (defined
later as before and after 1968). These time series offer
a unique opportunity to investigate long-term trends
because they are long enough to span decadal times-
cale climate processes. We posit several physical pro-
cesses that affect long-term salinity trends and vari-
ability and compare them to the magnitude of water
project induced change.

DATA FOR ANALYSIS OF
PRE-PROJECT AND POST- PROJECT TRENDS

A primary aim of this analysis is to detect precipita-
tion, outflow, and salinity trends and modes of vari-
ability to discern outflow and salinity response to
State and federal water project operation (Figure 2).
Monthly average specific conductance (SC), delta out-
flow, and San Francisco Estuary watershed precipita-
tion were divided into “pre” and “post” water project
periods. The federal Central Valley Project began
delta water exports in 1950, the State Water Project
in 1969 (Figure 2, panel B). Up to 1967, there were
no facilities south of the delta to store winter and
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spring Sierra Nevada runoff through the delta. The
water projects began year-round pumping operations
in 1968 when San Luis Reservoir was completed. The
advent of south-of-delta storage allowed four-season
water project export from the delta. For the purposes
of this analysis, we define the “pre” water project
period as years prior to San Luis Reservoir operation
(1929-1967). Accordingly, we define the “post” water
project period as 1968 to the present. Since the three
salinity stations are also influenced by the Suisun
Marsh salinity control gate (SMSCG), the pre- and
post-SMSCG periods around 1988 are also delineated.

Precipitation Data

The California Department of Water Resources (DWR)
maintains records of monthly average tributary pre-
cipitation for the San Joaquin and Sacramento River
watersheds as an index of runoff potential to the
State and federal water project reservoirs (California
Water Supply Outlook). The Sacramento River tribu-
tary average includes eight northern Sierra Nevada
foothill and northern coast range stations while the
San Joaquin river tributary average includes five cen-
tral and southern Sierra Nevada stations (Figure 1).
We aggregated the two indexes into one monthly
13-station average index to represent the 140,000
square kilometer estuary watershed region, an area
comprising about 40% of the State (Conomos 1979).
We also produced an annual average watershed pre-
cipitation time series by summing October through
September (water year) monthly averages (Figure 2,
panel A). The precipitation records cover the period
from October 1920 to September 2006.

For our purpose, the 13-station average represents
an index of climate forcing for the San Francisco
Estuary watershed. To the extent that trends in
13-station precipitation variability and mean are
correlated with delta outflow, the index is a proxy
for outflow trends we would expect without water
project influence or changes in watershed runoff
dynamics. We acknowledge that the index is influ-
enced by antecedent soil moisture, north-to-south
Sierra Nevada elevation differences (Dettinger and
others 1998), the temporal trend toward earlier Sierra
Nevada runoff with time (Roos 1987), and differences
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Figure 2 (A): Monthly average of 13 Sierra Nevada foothill precipitation stations on tributaries of the San Francisco Estuary watershed
(1920-2006). (B): Monthly Delta outflow index. Right axis is monthly average total water project export. (C,D,E): Monthly average spe-
cific conductivity for Collinsville, Beldons Landing, and Port Chicago. Prior to 1966, SC is estimated from approximately four high tide
TDS grab samples per week. Heavy solid line is 5-year running average. Dotted line is period of record mean.

in the variability modes between Sacramento and San
Joaquin River inflows (Dettinger and Cayan 2003).
For our purpose, aggregating tributary watershed
precipitation enfolds changing tributary processes to
maintain the focus on delta outflow and the coupled
salinity response.

Sacramento-San Joaquin River Delta Qutflow

Outflow from the Sacramento-San Joaquin Delta is
the key physical process of the northern reach of the
San Francisco Estuary. On subtidal time scales, out-
flow is the primary governor of ocean salt transport
to the delta (Cheng 1990). While about 80% of out-
flow is contributed by the Sacramento River water-
shed, the San Joaquin River watershed accounts for

much of the variability in late spring and summer
delta salinity (Dettinger and Cayan 2003). We devel-
oped monthly and annual outflow estimates from
the delta outflow index data set maintained by DWR
(DWR Dayflow, 2003). Figure 2 (panel B) shows the
monthly average delta outflow index for the period
1929 to 2006.

Suisun Bay and Suisun Marsh Salinity

We assembled long-term salinity time series for three
northern reach stations (Figure 2, panels C,D,E).
Monthly salinity as specific conductance (SC) was
estimated for Port Chicago (Suisun Bay), Collinsville
(Sacramento-San Joaquin River confluence), and
Beldons Landing (Suisun Marsh) (Figure 1). Data were



gathered and digitized from multiple paper records in
DWR hydrologic data bulletins (DWR Bulletin 27, and
Bulletin 23, and Bulletin 130 series). Between 1920
and 1971, salinity data was collected as surface zone
grab samples by local observers 1.5 hours after high-
high tide (nominal high slack) every four days. The
monitoring programs were initiated in response to
early century drought concerns (Jackson and others
1977). Samples were bottled, time tagged, and mailed
to an analysis laboratory where chloride and total
dissolved solids (TDS) concentrations were measured.
The observers recorded time deviation when samples
were not collected at high-high tide. Depending on
the station, 25% to 459% of the data was not col-
lected at the prescribed time, though the majority of
the deviations were recorded at 1.5 hours after low-
high tide. We did not attempt to correct data to 1.5
hour after high-high tide salinity. We averaged grab
samples within each month (seven to eight samples
per month) to obtain an estimate of monthly average
TDS at each station. Monthly average values were set
to “missing” if less than four grab samples are avail-
able within a given month.

Continuous electrical conductivity (SC) recorders were
installed in 1966 at Port Chicago and Collinsville

Regression of Monthy Average Specific Conductivity on Monthly
Average High-High Tide Grab Sample TDS
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affording approximately five years of overlapped
grab sample TDS and continuously recorded SC. Data
are available though the Bay/Delta and Tributaries
Cooperative Data Management System (DWR/BDAT
2007). We averaged all data within each month to
generate monthly average time-series. Monthly aver-
age values were set to “missing” if more than one-
third of the 15-minute or hourly data is missing.

We converted the TDS data to an estimate of monthly
average SC for the historical period with seasonal
linear relationships between the overlapping continu-
ous SC and grab sample TDS data. Scatter plots of the
overlapping period (1966-70 for Collinsville, 1966-71
for Port Chicago) showed that simple linear mod-

els provide unbiased estimators of monthly average
SC from TDS and explain 93% to 98% of the vari-
ance (Figure 3). Linear models were developed for the
nominal wet (October through March) and dry (April
through September) periods of the year. There is good
agreement between the predicted monthly average SC
based on the seasonal linear models versus the mea-
sured values. No overlapping SC and TDS data are
available for Beldons Landing so the seasonal linear
models developed for Collinsville were used to estimate
Beldons Landing SC from the historical TDS data.
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Figure 3 Regression of monthly average specific conductivity on monthly average high-high tide grab sample TDS. Continuous
(15-minute) specific conductivity measurements and one per four day HHT TDS grab samples were taken simultaneously between
1966 and 1971. Separate regressions were calculated for approximately wet (Oct-Mar) and dry (Apr-Sep) periods. Right panels show
actual monthly average SC for Port Chicago and Collinsville (blue line) versus monthly average SC predicted from regression models
of monthly average SC on historical monthly average of 4-day HHT TDS (black).
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DATA ANALYSIS METHODS

We used two nonparametric procedures to detect
long-term trends and periodic processes. Kendall’s
tau is a measure of correlation or the strength of the
relationship between a variable and, in this case, time
(Hirsh 1984). “Seasonal loess time-series decomposi-
tion,” was also used to differentiate seasonal climate
and possible long-term climate teleconnections from
long-term trends (Cleveland 1993). This method
decomposes the monthly precipitation, outflow, and
salinity time-series into frequency components of
variation and trend by a sequence of local regres-
sion smoothings (Cleveland 2000). The “seasonal”
component consists of 12 separate loess fits, one for
each month. This feature allows analysis of among-
month trends. The procedure does not allow for miss-
ing data. Since each of the three salinity data time-
series contains missing data, we collapsed the time
series and kept track of the missing data periods. We
applied the seasonal loess procedure to the collapsed
data, acquired a set of smooth decompositions, and
then the decompositions were broken apart where
data is missing.

RESULTS

In this section, we present and discuss trends in the
mean and variability of San Francisco Estuary water-
shed precipitation, delta outflow, and northern reach
salinity at decadal, annual, and seasonal timescales.
Table 1 presents all of the summary statistics.

Historical Precipitation, Outflow, and Salinity
Time-Series

Figure 2 shows the compiled monthly average time-
series for the 13-station precipitation index (1920-
2006; panel A), delta outflow (1929-2006; panel B),
total export (1951-2006; panel B, expanded right
axis), Collinsville (1920-2006; panel C), Beldons
Landing (1929-2006; panel D), and Port Chicago
(1947-2006; panel E). Each plot also includes

the five-year running average the help visualize
trends. With over 1,000 months in the time-series,
Collinsville salinity is one of the longest records of
any parameter in the San Francisco Estuary.

Figure 4 displays summary annual average means
and standard deviations for 13-station precipitation,
delta outflow, and salinity at the three Suisun Bay
and Suisun Marsh stations. The first column cov-

ers the full period of record for each data set, while
columns two, three, and four divide the data between
pre-project, post-project, and post-SMSCG periods,
respectively. Despite marginally higher post-project
precipitation (47 inches/yr) compared to the pre-
project average (43 inches/yr), delta outflow is lower
in the post-project period (0.79 TCMS post-project vs.
0.84 TCMS pre-project). Mean salinity is consistent
with outflow during pre- and post-project periods.
The standard deviation of precipitation increases from
12 inches per year in the pre-project period to 17
inches per year in the post-project period. Similarly,
Granger 1979 reported increasing northern California
precipitation variability between 1961-1977. Delta
outflow and each of the three salinity stations exhibit
the same pattern of increased variability in the post-
project period. Annual outflow is reduced after 1988
with concomitant increases in Suisun Bay salinity.
Table 2 depicts pre- and post-project coefficient of
variation as an index of variability on the annual and
monthly time-scales. Post-project variability is greater
than pre-project variability. In addition, salinity vari-
ability decreases from east to west.

Long-term Trend Decomposition:
Possible Climate Teleconnections to Watershed
Precipitation and Outflow

We applied the seasonal loess trend decomposition
procedure to the monthly average data sets. Figure 5
shows each monthly time series decomposed into
“seasonal,” “decadal,” and “trend” fits. Superposition
of these signals along with the residual (not shown)
returns the original time series (Figure 2). The right
column shows the “seasonal” component that we
tuned knowing there would be a 12-month frequen-
cy mode. The seasonal fit of the precipitation and
outflow data well shows the annual pattern of the
Mediterranean climate. The seasonal fits also indicate
the tendency of wet and dry years to cluster together
in nominally decadal pulses, especially in precipita-
tion and outflow. Decadal pulses are somewhat less
evident in the salinity data suggesting that additional



Table 1 Summary statistics—period of record for 13-station precipitation, delta outflow, and
Collinsville, Beldons Landing, and Port Chicago specific conductivity

Lag-1 Lag-1 Kendall Kendall

Period n Median Mean Stnd Dev CV correl. p slope p
Annual Average 13-STATION PRECIPITATION (inches)
All data 1921-2006 86 424 449 144 0.32 -0.03 0.68 0.09 0.18
Pre-Water Project 1921-1967 47 42 42.8 11.8 0.27 -0.07 045 0.12 0.34
Post-Water Project 1968-2006 39 45.7 475 16.8 0.35 0.008 094 0.14 0.61
Pre-SMSCG  1921-1987 67 425 44.3 141 0.32 -0.1 022 0.12 0.19
Post-SMSCG  1988-2006 19 45.7 47.3 154 0.32 0.09 0.65 0.76 0.16
| Monthy Average
All data 10/21-9/06 1041 2.08 3.74 446 1.19 0.39 0
Pre-Water Project 10/21-9/67 552 2.12 3.57 414 1.16 0.38 0
Post-Water Project 10/67-9/06 480 2.08 3.92 477 1.22 0.4 0
Pre-SMSCG 10/21-9/87 793 2.14 3.70 429 1.16 0.4 0
Post-SMSCG _ 9/88-9-06 239 1.93 3.86 495 1.28 0.37 0
Annual Delta Outflow | OUTFLOW (CMS)
All data 1929-2006 86 709 820 530 0.64 0.15 0.06 -1.9 0.45
Pre-Water Project 1929-1967 47 691 837 476  0.57 0.03 0.79 1.8 0.76
Post-Water Project 1968-2006 39 710 795 575 0.72 0.28 0.02 -3.1 0.75
Pre-SMSCG 1929-1987 67 757 853 518 0.61 0 0.95 -6.2 0.98
Post-SMSCG  1988-2006 19 586 700 543 0.68 0.43 0.03 30 0.03
| Monthly Delta Outflow|
Alldata 1929-2006 1041 383 821 1052 1.3 0.59 0
Pre-Water Project 1929-1967 573 478 906 1076  1.18 0.54 0
Post-Water Project 1968-2006 468 334 800 1124  1.41 0.65 0
Pre-SMSCG 1929-1987 814 458 899 1106 1.22 0.58 0
Post-SMSCG 1988-2006 227 270 706 1076 1.52 0.6 0
All data 1920-2006 86 2057 2570 1988 0.77 0.33 0 -5.8 0.39
Pre-Water Project 1920-1967 47 1999 2537 1960 0.77 0.31 0.005 =72 0
Post-Water Project 1968-2006 39 2116 2605 2041 0.78 0.38 0.001 40 0.082
Pre-SMSCG 1920-1987 67 1951 2335 1954 0.84 0.28 0.002 -32 0.001
Post-SMSCG  1988-2006 19 2573 3326 1953 0.75 0.47 0.02  -200 0.042
Monthly Average |
Alldata 7/20-9/06 1041 884 2701 3820 1.41 0.64 0
Pre-Water Project  7/20-9/67 552 809 2847 4493 1.59 0.6 0
Post-Water Project 10/67-9/06 480 954 2577 2955 1.15 0.68 0
Pre-SMSCG  7/21-9/87 793 659 2521 4016  1.59 0.63 0
Post-SMSCG__10/88-9/06 239 2191 3342 3105 0.93 0.64 0
Annual Average BELDONS LANDING SPECIFIC CONDUCTIVITY (SC umhos/cm)
All data 1929-2006 86 5898 6471 2663 0.41 0.4 0 -8.5 0.59
Pre-Water Project 1929-1967 47 5816 5983 2063 0.34 0.28 0.07 -76 0.073
Post-Water Project 1968-2006 39 6546 7097 3224 045 0.49 0.011 -290 0.007
Pre-SMSCG  1929-1987 67 5876 6244 2239 0.36 0.28 0.07 -36 0.51
Post-SMSCG  1988-2006 19 5994 6816 3242 0.46 0.48 0.01 -300 0.03
Monthly Average |
Alldata 6/29-9/06 1041 5033 6227 5347 0.86 0.62 0
Pre-Water Project  6/29-9/67 552 4240 5878 5577 0.95 0.61 0
Post-Water Project 10/67-9/06 480 6422 6817 5009 0.73 0.64 0
Pre-SMSCG  6/29-9/87 793 4276 5830 5480 0.94 0.61 0
Post-SMSCG__10/88-9/06 239 6797 7085 5039  0.71 0.64 0
Annual Average PORT CHICAGO SPECIFIC CONDUCTIVITY (SC umhos/cm)
All data 1947-2006 86 9537 9595 4150 0.43 0.24 0.01 -8 0.82
Pre-Water Project 1947-1967 47 9955 9500 2396 0.25 0.03 0.84 -44 0.65
Post-Water Project 1968-2006 39 8741 9648 4888 0.51 0.32 0.008 35 0.6
Pre-SMSCG 1947-1987 67 9565 8989 3673 0.41 0.09 0.39 -58 0.25
Post-SMSCG  1988-2006 19 8931 10975 4912  0.51 0.41 0.05 -640 0.006
| Monthly Average
Alldata 1/47-9/06 1041 9135 9635 6718 0.7 0.64 0
Pre-Water Project  1/47-9/67 552 9613 9584 6227 0.65 0.56 0
Post-Water Project 10/67-9/06 480 9182 9786 6925 0.71 0.68 0
Pre-SMSCG  1/47-9/87 793 8278 8931 6382 0.71 0.62 0
Post-SMSCG  10/88-9/06 239 11404 11272 7056  0.63 0.66 0
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Figure 4 Box and whisker plot of annual average statistics for
13-station precipitation, outflow and SC data. Data is binned
as 1) all data, 2) pre-project (prior to 1968), 3) post project
(after 1968), and post SMSCG (after 1988) periods. Box is inner
quartiles, line is median. The mean and standard deviation are
posted aside each box.

factors influence long-term salinity trends. The sea-
sonal loess procedure allows fitting low-frequency
processes, in this case possibly associated with
decadal scale climate oscillations (Figure 5, middle
column). With seasonal and decadal oscillations
removed, a robust estimate of the period of record
trend is available (Figure 5, right column).

Long-term Trend Decomposition:
Climate Teleconnections to Watershed
Precipitation and Qutflow

The decomposition is useful because we can remove
the seasonal signal to reveal lower frequency pro-
cesses. While the seasonal fits explain most of the

variability, the decadal scale fits (Figure 5, middle
column) appear to add additional explanatory power.
Decadal time-scale north Pacific temperature and
pressure anomalies have been observed and corre-
lated with North American climate for some time (e.g.
Cayan and Peterson 1989; Schonher and Nicholson
1989; Mantua and others 1997). Zhang and others
(1997) developed an index of the sea-surface tem-
perature (SST) anomaly dubbed the Pacific Decadal
Oscillation (PDO) and demonstrated reversals in the
prevailing polarity of the oscillation, positive and
negative, in 1925, 1947, and 1977. Another polar-
ity shift may have occurred in 1998 (Rodionov 2004)
though, since 2002, it has turned more positive again.
The PDO is correlated with interdecadal fluctuations
in north Pacific sea-level pressure and thus inte-
grates interdecadal time-scale, ocean-atmosphere co-
variability. The monthly PDO from 1921 to 2006 is
shown in Figure 7, panel A.

We found no correlation between the monthly PDO
and precipitation/outflow indexes. However, the

PDO index is correlated with the precipitation and
outflow indexes when all are filtered to the decadal
scale. We considered loess filter windows between

12 and 300 months to determine the timescale of
maximum PDO:precipitation and PDO:outflow corre-
lation (Figure 6). Considering all years (both positive
and negative PDO polarity), peak correlation occurs
with a loess filter window of about 100-120 months.
Figure 7 shows the 120-month fit to monthly average
PDO (panel D), precipitation (panel E), and outflow
(panel F). In the case of precipitation, the 120-month
filter reveals an approximately decadal oscillation.
Within an overall period-of-record precipitation
mean of 3.7 inches per month, there is a decadal
oscillation of about 1 inch. The correlation coefficient
is only about 0.1 at 120 months, likely because PDO
appears to be positively correlated with precipitation
and outflow during positive PDO phase and nega-
tively correlated with precipitation and outflow dur-
ing negative PDO phase (similar to Gershunov and
others 1998). We then separately considered positive
and negative PDO polarity years. For positive polarity
years, the correlation coefficient peaks at around 180
months at ~0.6 (p=0, Figure 6). With a mean posi-
tive PDO year precipitation of 3.8 inches (Figure 8,



DECEMBER 2009

f recpfaton| i . |

8- ww ‘V‘\‘ "\'M‘M” Mf””’"f‘r” \Wm \H"” ‘M\ W \” . | - :

i3 ; Outflow S % ; ose ;

n!' | 02 ! 0.84 i

Sos M M u N 00 g 082 !

Silg | WW M UMM o LH IEP s o a

1.0 Lj: : :2:2 l.l: E 076 u: H

’ ‘Z’ | : Coliinsville | | & : 25 2 :

45l : 0 i il @ i

E % 1‘1\‘ \\Hmhﬁ”ww N gy u“\\”\‘\(\r“.\w‘\”w‘d‘)‘v\( w‘ o g/\ AEA/\A ?é t\ i

I= -4 (%) ! 1.0 ! 16 !

S % - 23 ' &4 :

B 6 m iBeldons Landln 4 i s i
£ H\ ‘ Il I\ Il il I Ui \HH : \ i 60 i ,/

£ : \ [ AR TN | - " e

Z)E,j M \M\ HM MU\“”M i Hl”“ i HN\ 0 AN ~ i / o6 e — i

) g -26 : 5.4 :
: (il ‘( i ‘u ‘ i o] i -

: HH Il Hum u i ”‘M:‘M‘U \um 2 : y :

: A “H““\\M‘h“‘mﬂ ] | s i

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

-4i 1
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Figure 5 Seasonal loess trend decomposition on monthly average 13-station precipitation, outflow, and salinity data. Right column is
the “seasonal” fit based on a 12-month frequency mode. Middle column is the 120 month “decadal” fit of the seasonal fit residuals.
Right column is the “trend” fit to the decadal fit residuals. Dotted vertical lines delineate “pre” and “post” project periods.

panel B), the range of the 180 month decadal fit is
greater than 2 inches (Figure 8, panel E). Figure 8
also shows the 180-month loess fits to the positive
PDO year data (panel D) and corresponding monthly
precipitation (panel E) and outflow data (panel F). By
contrast, “negative” PDO years produced strong nega-
tive correlation peaking between 180 and 240 months
(Pearson = ~-0.4 to -0.6, p=0) (Figure 6). The mean
negative PDO year precipitation is 3.7 inches and the
range of the decadal fit is greater than 2 inches. The
180-month fits are shown in Figure 9.

Table 3 shows a rough estimate of the variance in the
original data explained by the decomposition compo-
nents. Summed R2 is greater than 100 because com-
ponents are correlated. Therefore, the method is rather
conservative (that is, seasonal loess applies iterative
component fits to higher frequency component fit
residuals), and the estimates of explained variability
are inflated somewhat. Bearing this in mind, only the
trend components fail to add significant explanatory
power by this metric (except for Collinsville salinity).
The seasonal component explains 35% to nearly half
of the variability of all parameters. Decadal scale vari-

Table 2 Coefficient of variation (standard deviation divided by
mean) for annual and monthly average precipitation, outflow,
and SC. Data is binned into pre- (prior to 1968) and post- (after
1968) project periods.

Pre-Project Post-Project

Annual Data CV (prior to 1968) (1968-2006)
Precipitation 0.27 0.37
Outflow 0.57 0.75
Collinsville 0.77 0.82
Beldons Landing 0.34 0.45
Port Chicago 0.25 0.51

Pre-Project Post-Project

Monthly Data CV (prior to 1968) (1968-2006)
Precipitation 1.16 1.22
Outflow 1.18 1.42
Collinsville 1.17 1.59
Beldons Landing 0.95 0.75
Port Chicago 0.65 0.71
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Figure 6 Correlation of monthly PDO with monthly 13-station precipitation and delta outflow. Y-axis is Pearson correlation, x-axis is

loess smooth window in months. “p” indicates 13-station precipitation:PDO correlation, “0” indicates outflow:PDO correlation. Black
symbols represent correlations with PDO for all months in the record. Green symbols represent correlations only in positive PDO
phase months. Blue symbols are correlations in negative PDO months. Maximum correlation in positive PDO months is 160-200 months.
Maximum correlation in negative PDO months is 160-240 months.
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Figure 7 Left column (A, B, C) shows PDO, 13-station precipitation and outflow time-series. Right hand column (D, E, F) shows
120-month loess fits to the data to highlight possible correlation between “decadal” scale variability in PDO and precipitation and out-
flow. Blue verticals indicate PDO polarity shift.
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ability accounts for about 2% of monthly precipita-
tion variability, 10% of monthly outflow and 11% to
15% of salinity data variability.

Long-term (Greater than Decadal) Trends

With loess estimates of the seasonal and decadal
oscillations removed, an estimate of the long-term
trend emerges. Figure 5 (right column) shows the
multi-decade trend fit for each data set. Precipitation
exhibits increasing trend from approximately 3.2

to 4.1 inches per month over the period of record.
Outflow is concordant up to about 1960, and then
decreases from approximately 0.85 TCMS in 1960

to 0.72 TCMS in 2006. As for the salinity station
trends, only Collinsville inversely mirrors outflow
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for the entire record. In contrast, pre-project Beldons
Landing and Port Chicago salinity rather unexpect-
edly trends upward despite rising outflow. In these
cases, the rising pre-project salinity trend suggests
that other factors, perhaps including changing delta
bathymetry, may also play a strong role in salinity
transport (see "Discussion”).

We also investigated long-term trends using Kendall’s
nonparametric test of independence. Figure 10 shows
the slope of the long-term annual average trend
(y-axis) for each of the five data sets. Trends for all
data (1920-2006), pre-project (1920-1967), and post-
project (1968-2006) periods are represented. P-values
are also shown above each bar. Overall, Kendall’s

tau and seasonal loess methods predict broadly simi-
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Figure 8 Left column (A, B, C) shows positive polarity PDO years only with corresponding 13-station precipitation and outflow time-
series. Right hand column (D, E, F) shows 180 month loess fits to the data to highlight possible correlation between “decadal” scale
variability in positive PDO years and same timescale precipitation and outflow. Blue verticals indicate PDO polarity shift.
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Figure 9 Left column (A, B, C) shows negative polarity PDO years only with corresponding 13-station precipitation and out-
flow time-series. Right hand column (D, E, F) shows 180 month loess fits to the data to highlight possible correlation between
“decadal” scale variability in negative PDO years with same timescale precipitation and outflow. Blue verticals indicate PDO

polarity shift.

lar trends. Pre-project outflow and salinity trends

are consistent with the suggestion of increased pre-
cipitation between 1920-1967 (not significant). Fox
and others (1990) similarly found no trend in delta
outflow between 1921 and 1986. The pre-project
Collinsville salinity trend is significant at approxi-
mately -0.07 specific conductivity units per year.

In contrast to the suggestion of pre-project salinity
trend increase at Beldons Landing and Port Chicago
with seasonal loess decomposition, Kendall’s tau sug-
gests some (not significant) pre-project salinity trend
decrease. Considering the post-project period, there is
a non-significant suggestion of precipitation increase
in the post-project period as Granger 1979 reported,
while, as expected, delta outflow is trending down
approximately 5 cms/yr (not significant). Collinsville
and Port Chicago specific conductivity are coherent

12

with the outflow trend (p=0.07 and 0.15, respective-
ly). By contrast, Beldons Landing shows significant
salinity decrease. Missing data in the early post-proj-
ect period likely affect the comparability of this esti-
mate to Collinsville and Port Chicago. The sequencing
of a six-year drought starting in 1988 followed by
several above normal water years further confounds
the trend estimate. In addition, note that the SMSCG
commenced operation in 1988 reducing Beldons
Landing salinity by tidally pumping Sacramento
River water into Montezuma Slough (Figure 1) each
ebb tide. The seasonal loess trend decomposition
untangles some of these confounding influences. The
decadal fit (Figure 5) captures the influence of the
late 1980s drought and the SMSCG effect beginning
about 1989. With the decadal fit removed, the trend
fit suggests some salinity increase after 1980.
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