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Anthropogenic changes have dramatically transformed the upper San Francisco Estuary over the past two
centuries. Key changes influencing the region’s hydrology and hydrodynamics include land use changes, levee
construction and channel modifications, upstream reservoir construction, and out-of-basin water exports. In
order to examine how these changes have altered the physical characteristics of the estuary, 3-D hydrodynamic
models were constructed to study the system in its “pre-development” condition, prior to significant modern
anthropogenic influence, and in its contemporary condition. The pre-development system model was calibrated
by varying marsh plain elevations in order to match sparse observations of tidal characteristics; the con-
temporary system model was calibrated to observed flow, stage, and salinity data. A recent three-year period
covering a wide range of flow conditions was used to compare and contrast the hydrodynamic behavior of the
two systems. While the contemporary model simulation assumed historical observed boundary conditions, the
pre-development model simulation assumed conditions thought to exist prior to the alterations of the past two
centuries. The relationship between estuary outflow and the longitudinal distance from the estuary mouth to the
2 psu bottom salinity isohaline (X2) was analyzed. Salt intrusion in the pre-development system was found to be
slightly more sensitive to outflow and responded faster to changes in outflow than in the contemporary system.
Changes in estuary outflows were responsible for more of the salt intrusion differences between the two systems
than were changes in estuary geometry and bathymetry. An analysis of the physical mechanisms contributing to
salt intrusion found tidal trapping and other unsteady processes to be more important in the pre-development
estuary than in the contemporary one. In both systems, steady processes such as estuarine circulation were
strongest during neap tides and unsteady salt intrusion processes were strongest during spring tides, resulting in
limited spring-neap variability in salt intrusion.

1. Introduction

Over the past two centuries, the San Francisco Estuary and its wa
tershed have been significantly modified by human development. These
changes have altered both the hydrology and geometry of the estuary.
Ninety eight percent of the emergent tidal wetlands of the upper es
tuary have been disconnected from adjacent channels with levees,
drained, and converted to agriculture (Atwater et al., 1979). Oxidation
and erosion of these organic soils has caused land subsidence, and
where levee failure has occurred, the creation of large areas of novel
subtidal habitat within the estuary (Mount and Twiss, 2005). Main
channels throughout the estuary were widened, deepened, and con
nected with cross channels to improve navigation. A myriad of blind
tidal sloughs were removed (Whipple et al., 2012). The geomorphology
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of the estuary has changed in response to modifications in upstream
sediment supply (Barnard et al., 2013) and sea level rise (NOAA, 2016).
Estuary inflow has changed in magnitude and timing due to reservoir
construction and land use changes in the upper watershed (Fox et al.,
1990). Water use within the estuary has been affected by wetland re
moval, local diversions and return flows, and out of basin diversions
(Lund et al., 2007). A network of gates, temporary flow barriers, and
other hydraulic structures was installed, allowing managers some
control over the distribution of flows through the upper estuary.
These anthropogenic changes will necessarily have effects on salt
intrusion, which is dependent on 1) net advection driven by freshwater
outflows, and 2) a host of geometry and bathymetry dependent salt
intrusion mechanisms (Fischer et al., 1979). The seasonal timing of
freshwater outflows to the San Francisco Bay has been influenced by
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water management policies in California, which are generally char
acterized by reservoir impoundment in the winter and spring and re
servoir release in the summer. This has decreased seasonal variability in
salt intrusion and had a stabilizing effect on salinity (Hutton et al.,
2015). Recent studies suggest that increases in urban and agricultural
water use from the pre development period have been balanced by
decreases in evapotranspiration by native vegetation, leading to little
long term change in average annual estuary outflow (Fox et al., 2015;
CDWR, 2016f). This would suggest a correspondingly small long term
change in average annual salinity intrusion.

The effect of long term changes in the geometry and bathymetry of
the estuary is dependent upon the physical mechanisms which result in
salt intrusion in an estuary. The best known is gravitational circulation,
in which dense water intrudes landward into the estuary near the bed
and estuarine water flows seaward near the surface (Geyer and
MacCready, 2014). Strain Induced Periodic Stratification (SIPS) results
from an asymmetric shear in tidal currents between flood and ebb and
causes a similar estuarine circulation pattern (Simpson et al., 1990).
Additional physical mechanisms contributing to estuarine circulation
have been identified (Lerczak and Geyer, 2004). Salt intrusion can also
occur due to tidal dispersion mechanisms such as tidal pumping
(Stommel and Farmer, 1953) and tidal trapping (Fischer et al., 1979). In
the San Francisco Estuary, tidal pumping is known to be an important
salt transport mechanism near the Golden Gate (Fram et al., 2007).
Estuarine circulation is important for salt transport in the saline portion
of the northern estuary (Stacey et al., 2001), and tidal trapping me
chanisms are also known to be important (MacVean and Stacey, 2011).
Because the strength of these salt intrusion mechanisms varies with
water column depth (e.g., Ralston et al., 2008) changes in the bathy
metry of the estuary and mean sea level are expected to influence salt
intrusion.

Changes in the salinity distribution in an estuary impact estuarine
ecology (Kimmerer, 2002). For example, most estuarine species are
associated with a limited range of salinity. In the San Francisco Estuary,
the observed abundance of several pelagic organisms has been corre
lated with salt intrusion length (Jassby et al., 1995; Kimmerer et al.,
2009, 2013). The intrusion length metric used by Jassby et al. (1995)
and subsequent research in the area is X2, defined as the distance from
the inlet at the Golden Gate to the location of the tidally averaged 2 psu
near bed salinity. An observed decrease in the abundance of these or
ganisms has resulted in the regulation of X2 during specified periods of
ecological importance (CSWRCB, 1999). The geographical location of
ecologically important areas such as estuarine turbidity maxima, en
trapment zones, and low salinity zones are also controlled by salt in
trusion mechanisms (Schoellhamer, 2001; Kimmerer et al., 2013). As a
result of the geometry of the San Francisco Estuary, small changes in
salt intrusion may result in large changes in the aerial extent of these
areas (Kimmerer et al., 2013).

The net effect of anthropogenic changes to hydrology and geometry
on the salinity distribution in the San Francisco Estuary is unknown.
Historical observations of salinity intrusion in the early 1900s indicate a
more seasonably variable salt intrusion regime than today (Hyatt,
1931). These observations were made prior to the construction of major
reservoirs in the watershed but after the reclamation of the majority of
tidal wetland in the upper estuary. Some ecologists believe that a more
variable salinity regime would benefit aquatic species native to the
estuary by limiting the extent of non native species (e.g., Moyle et al.,
2010). However, due to a lack of quantitative salinity observations, the
actual salinity regime prior to anthropogenic influence remains un
known. Even the presence of stronger variability remains an untested
hypothesis.

The main objective of this study is to quantify salt intrusion in the
San Francisco Estuary under its pre development condition (circa 1850)
and in its contemporary condition. Because the strength of salt trans
port mechanisms depends strongly on bathymetry, the best way to es
timate the effects of alterations in estuarine geometry on salinity is by
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using a mechanistic 3 D hydrodynamic model. In this paper we describe
the construction and calibration of hydrodynamic models to reflect
conditions in both the pre development and contemporary estuary. Our
work assumed pre development inflow hydrology that was estimated
by the California Department of Water Resources (CDWR) (CDWR,
2016f) based on land and water use conditions thought to exist prior to
1850 (Fox et al., 2015; Howes et al., 2015). Using time series of the salt
intrusion metric X2 predicted by the models, the relationship of X2 with
estuarine outflow is compared. This type of analysis addresses both the
sensitivity of X2 to steady outflow and the time scale of change in X2 to
changes in outflow. Additionally, it allows us to distinguish changes in
modeled X2 resulting from altered inflow hydrology from those re
sulting from altered estuarine geometry and bathymetry. Since sea level
rise is effectively a change in relative bathymetry, the effect of its
changes on X2 are assessed in conjunction with other estuary geometry
and bathymetry modifications.

We then estimate the relative contribution of different physical
mechanisms on salt fluxes into the upper estuary using an isohaline
coordinate approach (MacCready, 2011). Fluxes due to estuarine cir
culation processes and unsteady tidal processes are quantified for both
the contemporary and pre development estuary throughout the simu
lation period. This analysis provides insight to the effect of large scale
landscape changes not only on salt intrusion length but also on the
physical mechanisms contributing to salt intrusion.

Understanding salinity intrusion in the pre development San
Francisco Estuary should help guide future restoration efforts and
management and may offer insight into the adaptations of native
aquatic species in this sensitive region. Many of the changes that have
taken place in the San Francisco Estuary over the last two centuries
land reclamation, altered hydrology, channel modifications for navi
gation, sea level rise are common to other estuaries (see for example,
Wang et al., 2015). Lessons learned from this study can increase un
derstanding and support restoration efforts in these systems as well.

2. Site description

The San Francisco Estuary is the largest estuary on the Pacific Coast
of the United States, with a watershed covering 40% of the area of the
California, and is composed of a series of interconnected embayments,
rivers, sloughs, and marshes (Kimmerer, 2004; Conomos, 1979). The
focus of this study is the upper portion of the estuary, including Car
quinez Strait, Suisun Bay, Suisun Marsh, and the Sacramento San
Joaquin Delta (hereafter referred to as “the Delta”) (Fig. 1). Regional
topography confines the estuary to relatively narrow outlets at Car
quinez Strait and near the confluence of the Sacramento and San Joa
quin Rivers. Bathymetry through Suisun Bay is complex and char
acterized by channels typically ranging from 10 m to 20 m deep and
extensive shoal and intertidal regions.

The bathymetry and channel connectivity of the Delta and Suisun
Marsh have changed substantially between 1850 and today. In the pre
development condition, the Delta and Suisun Marsh were characterized
by relatively shallow and sinuous channels, numerous blind sloughs
and extensive intertidal marsh plain (Whipple et al., 2012; Manfree,
2014). The northern region of the Delta was dominated by wide flood
basins inundated in winter and spring. The central region of the Delta
was dominated by tidal influence, and the southern Delta consisted of
numerous distributary rivers. These areas have since undergone ex
tensive modifications to dike and isolate productive intertidal land for
agriculture and straighten, widen, deepen, and connect main channels
for navigation. Levees were breached in some locations, leading to the
creation of large shallow subtidal areas.

The San Francisco Estuary has mixed diurnal and semidiurnal tides.
Spring neap variation is strong, and spring tide amplitudes can be as
high as double neap tide amplitudes (Cheng et al., 1993). The region’s
climate is Mediterranean, characterized by wet winters and dry sum
mers. Freshwater inflow to the estuary is highly variable, with most
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Fig. 1. San Francisco Estuary study area. Regions and sites labeled in the figure are referred to in the text.

inflow originating from the Sacramento River and, to a lesser extent,
the San Joaquin River. Winter and spring inflows typically rise fol
lowing periods of storms and snowmelt. In the pre development system,
low net estuary outflow conditions occurred in the late summer and
early fall as a result of low inflows and water use by extensive emergent
vegetation (CDWR, 2016f). Contemporary flow conditions during this
period are highly influenced by state and federal water management
projects that release stored water to meet multiple objectives. Salt in

trusion and stratification vary seasonally with freshwater inflow, typi

cally resulting in partially mixed conditions in the seaward portion of
the estuary and well mixed conditions within the Delta.

3. Methods

This section briefly describes the model construction and calibration
process, simulations, and analysis methods related to salt intrusion
length and flux. Using the same 3 D hydrodynamic engine, two models
were constructed to study the San Francisco Estuary in its pre devel
opment condition and in its contemporary condition. A unique model of
the contemporary system was created to provide 1) confidence in the
modeling framework by demonstrating accurate simulation of the
contemporary system, where much observed data is available for model
evaluation, and 2) a comparison to the pre development system model
with all model parameters other than inflow hydrology, sea level, and
grid geometry and bathymetry held constant.
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3.1. Hydrodynamic models

The UnTRIM model (Casulli and Walters, 2000; Casulli and Zanolli,
2005; Casulli and Stelling, 2010) was chosen as the hydrodynamic
engine for this study. UnTRIM numerically solves the 3 D Reynolds
averaged Navier Stokes equations for conservation of fluid volume and

momentum on an unstructured grid. Model outputs are predicted water
velocities, water surface elevations, and salinity. UnTRIM accounts for
the relevant physical processes related to salt intrusion, is well suited to
wetting and drying simulations (Casulli, 2009), and allows for subgrid
scale representation of bathymetry. Vertical turbulent mixing in the
model was estimated using the k e version of a Generic Length Scale
(GLS) closure with parameter values from Warner et al. (2005). Bed

friction was parameterized using a quadratic stress formula and speci
fied bed roughness height, z,.

Model grid bathymetry and boundary condition locations for the

contemporary San Francisco Estuary are shown in Fig. 2. Typical cell
spacing was 150 m, and 1 m layer spacing was used in the vertical.
Bathymetry was set using a digital elevation model (DEM) of the San
Francisco Estuary developed using a large number of bathymetric sur

veys (Wang and Ateljevich, 2012). Major river and diversion boundary
conditions were prescribed using data obtained from United States
Geological Survey (USGS) monitoring sites and provided by CDWR
(2016d). Local agricultural diversions, return flows, evaporation, pre

cipitation, and groundwater seepage (collectively referred to as net
channel depletions) were prescribed at 258 locations throughout the
Delta using estimates from CDWR (2016e); outside of the Delta,
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Fig. 2. Contemporary San Francisco Estuary model grid and bathymetry. Model boundary condition locations are shown for river inflows, diversions, net channel depletions, and
hydraulic structures. Station locations used in setting regional wind and evaporation-precipitation model inputs are also shown.

measured evaporation and precipitation rates were used (CDWR,
2016b). Observed water levels at Point Reyes were used as the offshore
boundary condition, and offshore salinity was set to a constant
33.5 psu.

Model output was compared against observed flow, stage, and
salinity data collected at continuous monitoring stations throughout the
estuary (CDWR, 2016a). The predicted vertical salinity structure was
also compared against monthly observations collected by the USGS on a
longitudinal transect from the Golden Gate inlet upstream to Rio Vista
(USGS, 2016).

A separate unstructured orthogonal grid was developed for the pre
development model simulations (Fig. 3). In the upper estuary, the grid
was developed based on channel planform geometry derived from a
large number of historical maps, imagery, and other sources as reported
by Whipple et al. (2012) and Manfree (2014). The lateral extents of the
grid were chosen to correspond to the extreme upper limit of seasonal
inundation. Seaward of Carquinez Strait, the grid and bathymetry were
identical to the contemporary estuary model. Bathymetry was set using
a DEM developed by interpolating historical sounding data, thalweg
depth measurements, and natural levee elevations along major channels
to create a continuous, smooth DEM (SFEI ASC, 2014). Marsh plain
elevations were specified so that model simulations provided tidal
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range and inundation frequency predictions consistent with historical
observations.

Boundary inflows for the pre development model were extracted
from hydrologic simulations reported by CDWR (2016f). In these si
mulations, historical runoff was routed through unimpaired upper
watersheds and the Central Valley as they were thought to exist prior to
anthropogenic modifications of the past 160 years. Descriptions of
methods and model assumptions relating to pre development land use
and evapotranspiration are given in Fox et al. (2015) and Howes et al.
(2015). Observed water levels at Point Reyes were shifted —0.31 m to
account for sea level rise based on an average trend of 1.92 mm per year
(NOAA, 2016).

Historical observed data for comparison with pre development
model output were reported in Whipple et al. (2012) and are given in
Appendix A. Observations were of three types: tidal range in channels,
marsh plain inundation frequency, and depth of marsh plain inunda
tion. For observations of marsh plain inundation depth, the tide at the
time of the observation (spring or neap) was specified in some in
stances. Data extracted from the historical accounts are generally un
certain as the exact location of the measurement, and observations are
typically rough estimates. In addition to specific historical observations,
information about marsh plain inundation flow patterns and the spatial
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extent of freshwater tidal habitat was used for calibration (Whipple
et al., 2012).

3.2. Model simulations

The model simulation period was chosen as February 2006 through
October 2008 in order to span wet, dry, and critically dry water years
(CDWR, 2016c¢). Time series of net daily estuary inflows minus water
losses for diversions and evapotranspiration are shown in Fig. 4. Net
flows ranged from over 7000 m*s ™! in April 2006 to below 50 m*®s ™!
for the pre development system during summer and fall 2007 and 2008.
In 2007 and 2008, contemporary flows were generally lower than pre
development flows in the spring and early summer and higher in the
late summer and early fall.

In order to compare pre development model predictions against
historical observations, spatial maps of tidal characteristics were

Sacramento River N
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Fig. 3. Pre-development San Francisco Estuary
model grid (landward of Carquinez Strait) and ha-
bitat type. Habitat was classified and delimited by
Whipple et al. (2012) and Manfree (2014). The grid
seaward of Carquinez Strait is identical to the con-
temporary San Francisco Estuary model grid.
Boundary conditions locations are shown for river
inflows.

N

calculated. Tidal characteristics were calculated as monthly averages
because 1) the exact date or time of the year of individual observations
was generally unspecified and 2) tidal characteristics vary seasonally.
Reported values for comparison with observations are given as the
minimum, median, and maximum of the monthly values. Tidal range
was calculated as the difference between mean higher high water and
mean lower low water (great diurnal range), as the historical reports
are generally believed to correspond to this metric. Tidal inundation
frequency was determined as the number of wetting drying cycles ex
perienced by each computational cell, using a minimum depth
threshold of 2 cm to declare a cell wet.

3.3. Intrusion length analysis

Two important metrics of salt intrusion are intrusion length (X2)
and the time scale of adjustment of this length to changes in estuary
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outflow. These topics have been studied in the San Francisco Estuary
and other settings by analysis of field observations and empirical fitting
(Jassby et al., 1995; Monismith et al., 2002; Hutton et al., 2015;
Monismith, 2017), by semi analytical approaches with empirical
parameters (Monismith et al., 2002; MacCready, 2007; Ralston et al.,
2008; Lerczak et al., 2009; Monismith, 2017), and through the use of
hydrodynamic models (Gross et al., 2009; MacWilliams et al., 2015).

In Jassby et al. (1995), the daily position of observed X2 was esti
mated by interpolation between fixed salinity stations and a time series
regression relation involving the previous day’s X2 and the current
day’s outflow, Q

X2(t) = 6p + a X2(t — 1) + 7, log Q(¥) D

where 6, @ and y; are fitting parameters. In this approach, the time
scale for adjustment to changes in flow is 7; = 1/(1 — a).

Monismith et al. (2002) provided a revised regression analysis that
retained the influence of the previous day’s X2, but with a flow de
pendence term derived by a simplified analysis of relevant physics,
following Hansen and Rattray (1965)

X2 =aX2(t—-1)+ 1 —a)B Q@) ()]

where 6, andyare fitting parameters. Since « is the weight of the pre
vious day’s X2 in both equations, they have the same time scale of
adjustment (7). In MacWilliams et al. (2015), the weight was allowed
to vary linearly with flow to allow faster response of salt intrusion
length at high flow

X2(t)=a@®X2(t-1)+ Q- a())B Q@)Y

a(t) = min[1,max[0,mQ(t) + b]]

3)
(€3]

where « is bounded between zero and one, and m and b are fitting
parameters. A significant improvement in accuracy of the time series
regression was achieved with this modification (MacWilliams et al.,
2015). Hutton et al. (2015) estimated daily X2 using the steady form of
Eq. (2)

X2(t) = BQam(t)y 5)

where Q,, is antecedent outflow and incorporates a time history of the
outflow as follows (Denton, 1993)

annt(t) — (Q(t) - Qant(t))Qam(t)
dt Bg (6)

In Eq. (6), f is a fitting parameter (m> s~ days) and the time scale
for the adjustment of X2 to changes in flow is

T= BG/ Qant (7)

In this analysis, X2 was calculated from daily averaged bottom
salinity for each simulation; values were estimated by linear inter
polation of data reported at 1 km intervals along the transects shown in
Fig. 5. When X2 was located landward of the Sacramento San Joaquin
confluence, the average of X2 along the Sacramento and San Joaquin
River transects was used. Because of differences in channel configura
tion, the pre development and contemporary system transects diverge
in certain locations; to facilitate comparison between the two systems,
pre development transect distances were mapped to contemporary
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distances so that X2 at the same geographical location in both systems
had the same value.

A relationship between estuary outflow and X2 was developed fol
lowing the approach of Hutton et al. (2015). This approach was selected
because, unlike other approaches, it is mathematically defined for ne
gative outflow values. This feature was important for the analysis, as
negative outflow events are common in the pre development simulation
and are associated with low inflows in phase with spring tide filling of
the estuary. The free parameters in Eq. (5) and Eq. (6) (8, v, and ;)
were simultaneously fit to the hydrodynamic model predicted X2 using
the Levenberg Marquardt nonlinear least squares fitting method
(Levenberg, 1944). Tidally averaged flow at Martinez predicted by the
model was used to represent net Delta outflow, Q(t), in Eq. (6).

3.4. Salt flux analysis

The X2 regression analysis conveniently represents differences in
the extent of salt intrusion between the two systems using three para
meters. However, information about the physical mechanisms re
sponsible for the differences can be derived by analyzing the model
predicted salt fluxes into the upper estuary. Following MacCready
(2011), Chen et al. (2012), and Rayson et al. (In preparation), fluxes are
examined using isohaline coordinates. We apply this analysis to esti
mate salt influx from two categories: steady processes such as estuarine
circulation, and unsteady processes such as tidal trapping.

The isohaline approach to calculating flows and salt fluxes through
a cross section was described by MacCready (2011), who defined tid
ally averaged flow with salinity greater than s as

Q@ = <fAs ”dA> ®)

where Aj is the cross sectional area having salinity greater than s and
angle brackets denote a tidal average. The flow for a particular salinity
class is given by the derivative of Eq. (8), although in practice model
results are binned by salinity class. The portion of the flow bringing
water landward into the estuary (Q;,) is defined as the integral of Q over
the inflowing portion of the cross section. The outflowing component
(Qout) is defined analogously,

—-9Q -
f?’n Qoul=f (9)

and Qj, + Qout = —Quiv, the net river outflow. In order to be consistent
with MacCready (2011) and other estuarine researchers, this analysis
uses the convention that landward flow and fluxes into the estuary are
positive. In contrast, positive river flow (Q,;,) indicates net outflow. Salt
fluxes and flux weighted salinities are defined as

-9
ds

ds, ds

Qin =

out

En = fs_aQ ds, Fu = fs_aQ ds
Os in Os out
F K
Sin = - ) Sout = out
Qin Qoul (10)

This method of analysis captures flows and salt flux from both
steady subtidal processes and unsteady tidal processes, and is thus re
ferred to as a “total exchange flow” analysis. The net flux of salt into the
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estuary is AF = Fy, — Fyy.

Following MacCready (2011), flows and fluxes associated with only
steady processes are derived from an Eulerian framework analysis and
are labeled with the superscript Eu. They are defined as

QU@ = [ @d),  FRE) = [, (5)u)da)

an
where A is the cross sectional area having tidally averaged salinity
greater than s. Inflowing and outflowing Eulerian components are de
fined similarly to Eq. (10). The flux analysis was performed on con
temporary and pre development model results extracted at a cross
section near Martinez (Fig. 1). This location was chosen because of its
position at the seaward end of the upper estuary and because differ
ences in channel characteristics (the pre development channel is wider
and shallower here) are representative of general differences between
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the two systems.

Because our focus is on dispersive salt fluxes acting to transport salt
into the upper estuary, the advective outflux of salt, Fi, = —QuivSavg,
where s, is the tidally and cross sectionally averaged salinity, is re
moved from the net fluxes. F;, includes fluxes associated with both net
estuary outflow and variation in the volume of the upper estuary due to
spring neap tidal cycles, barometric pressure, and wind. In addition,
flows calculated in the Eulerian reference frame will not include Stokes
drift (an inflow to the estuary resulting from correlations between tidal
velocity and depth), but will include the effect of Stokes compensation
flow (a subtidal outflow). The salt flux associated with Stokes com
pensation flow is estimated as

F;dc = (uIA/> Savg = [(uA> - <u><A>] Savg = [Qriv - (Qiﬁu - Q(f\:ﬁ)] Savg
(12)
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and removed from the net Eulerian flux calculation. The total dispersive
salt fluxes, Fysp, can then be decomposed into steady and unsteady
components as

AF — Fyy =

total dispersive fluxes (Fgisp)

AFEH - Eiv - F;dc +

steady Eulerian fluxes (Fsteady)

Fia

unsteady tidal fluxes

(13)

In steady, estuarine exchange flow dominated systems, the total
dispersive fluxes are expected to approximately equal the Eulerian es
timate, Fiisp ® Feady (Chen et al., 2012). In tidal exchange dominated
systems, the Eulerian flux will be small compared to the total, and
Fiisp ~ Fia-

4. Results
4.1. Contemporary and pre development model calibrations

Fig. 6 compares USGS transect based X2 to “instantaneous” X2 (as
opposed to the daily averaged X2) as simulated by the contemporary
San Francisco Estuary model. The contemporary model accurately
predicts X2 for the majority of the simulation period. The coefficient of
determination (R?), standard error, and mean absolute error of the
model predictions were 0.977, 0.04 km, and 3.5 km, respectively. The
highest model errors occurred during the period of very high flow at the
beginning of 2006. During this time, stratification was generally under
predicted by the model, leading to X2 farther seaward than observed.

Fig. 7. Tidal range in the pre-development upper San
150 Francisco Estuary. Historical observations are given
Observed “perceptible” tides / Sacramento River along with the general area where the observation
up to Feather River confluence F At Sacramento was made. The corresponding modeled values are
Observed: 0.56, 0.61 given as the (minimum, median, maximum) monthly
Modeled: 1.35 tidal ranges over the three-year simulation period.
Sacramento River at Isleton . Areas with an average water depth less than 50 cm
Observed: 0.91 (0.0,0.49, 0.64) are shown as beige.
Modeled: (0.20, 0.83, 0.93) Mokelumne River 1.20
Below Benson’s Ferry
Cache Slough Observed: 0.9-1.2
Observed: 0.3,1.8 Modeled:
Modeled: (0.20, 0.92, 1.03) (0.05, 0.55, 0.70) 11.05
Sherman Island
Observed: 1.1-1.8
Modeled: (0.74, 1.12, 1.19) e & 40.90
3 L -, “ ’g
7]
o
{0.75 £
('
©
o
[
40.60
Y
Delta Mouth
Observed: 1.2-1.8 043
Modeled: (1.01, 1.24, 1.32)
San Joaquin River 0.30
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Observed: 0.31-0.61
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Tyler and Staten Islands
Observed: South ends of islands
regularly inundated, north ends
only inundated on spring tides

Central Delta
Observed: Wetted twice daily

Delta Eastern Margin
Observed: Wetted on spring tides

40 Fig. 8. Inundation frequency in the pre-development
upper San Francisco Estuary. Historical observations
are given along with the general area where the
observation was made. The corresponding modeled
values are the median of monthly inundation fre-
quencies for months with maximum net estuary
outflow less than 1000 m®s . Areas which remain
dry are shown as beige. Areas which remain wet are

shown as gray.

36

32

Frequency of Inundation (Count/month)

Additional information on the contemporary San Francisco Estuary
model calibration is provided in Appendix B, including comparisons of
modeled and observed stage, flow, and salinity at continuous mon
itoring locations and USGS transect locations.

Historically observed channel tidal ranges are compared with the
pre development model simulation in Fig. 7. The median monthly
modeled tidal ranges generally matched or were slightly below histor
ical observations at major locations in the Delta, including the Delta
mouth, the Sacramento River at Isleton and the city of Sacramento, the
Mokelumne River at Benson’s Ferry, and the San Joaquin River at
Stockton. The large difference between modeled and historically ob
served values at Cache Slough probably results from an incorrect ob
served value; it is unlikely that the pre development tidal range would
be approximately twice as large as that observed at the nearby Isleton
location. In the upper reaches of the estuary, tidal range varied sig
nificantly at a seasonal time scale. On the Sacramento River at Sacra
mento and the San Joaquin River at Stockton, tidal ranges were low
during periods of high inflow. Range increased in the early summer
when river stages were still relatively high and then decreased during
the low flow fall period.

Historically observed inundation frequency is compared with the
pre development model simulation in Fig. 8. In the pre development
simulation, the majority of the central Delta is inundated 15 30 times
per month. An inundation frequency of 30 times per month corresponds
to marsh plain flooding during higher high tides; a frequency of 15
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times a month corresponds to inundation only on higher high tide
during spring tides. Inundation frequency in the interior of the marshes
of the central Delta is generally greater than on the periphery of the
marshes, as small natural levees cause flooding on lower high tide to
occur through the heads of sloughs. The spatial extent of predicted tidal
habitat in Fig. 8 generally matched that delimited by Whipple et al.
(2012), shown in Fig. 3. The central Delta was dominated by tidal in
fluence, but tidal habitat did not extend as far south along Old and
Middle River, and extended farther on the eastern margin of the Delta
than what was delimited.

Modeled tidal inundation depths (Fig. 9) were similar to some his
torical observations and lower than others. However, the observed data
were scarce, often imprecise, and dependent on local topography. Less
emphasis was therefore given to matching inundations depths in favor
of the more precise historical observations of tidal range and inunda
tion frequency.

A final aspect of the pre development Delta hydrodynamics ex
amined during calibration was the flow patterns of marsh plain in
undation and draining. At higher high tide, marsh plain was typically
inundated from all directions as water spilled over low natural levees
(Whipple et al., 2012). At lower high tide, marsh plain inundation oc
curred from spillover from the heads of blind sloughs that enter the
plain from off the main channels. Marsh draining typically occurred
back through the heads of these sloughs. Inclusion of the low natural
levees fringing central Delta islands in the DEM allowed the modeled
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Fig. 9. Marsh plain inundation depths for spring tide periods (a) and neap tide periods (b) in the pre-development upper San Francisco Estuary. Historical observations are given along
with the general area where the observation was made. The corresponding modeled values are given as the (minimum, median, maximum) of monthly inundation depths for months with

maximum net estuary outflow less than 1000 m®s .
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Fig. 10. (a) Marsh plain filling and (b) draining patterns in the pre-development simulation near Sherman Island. Dry areas are shown as beige. Modeled velocities were interpolated onto

a coarser grid for visualization purposes.

tidal inundation flow patterns to generally reflect these trends (Fig. 10).

4.2. Salt intrusion length

The relationship between antecedent flow and X2, as predicted by
the contemporary system model and by Eq. (5), is shown in Fig. 11a.
The standard error of the regression fit is 1.70 km, and the coefficient of
determination (R?) is 0.986. The estimated y is —0.230, which is
identical to the value reported by MacWilliams et al. (2015) based on 3
D model simulations spanning the years 1994 1997. Similarly, the
flow salinity relationship as predicted by the pre development system
model and by Eq. (5) is shown in Fig. 11b. The standard error of the
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regression fit is 2.26 km, the coefficient of determination is 0.985, and
the estimated y is —0.237. Table 1 lists fit parameters and error metrics
for each system model.

y quantifies the system’s response to changes in antecedent outflow;
higher absolute values indicate a greater distance response. y was
slightly more negative for the pre development system than for the
contemporary system, indicating the pre development salinity regime
was slightly more sensitive to changes in outflow. Using a Student’s t
test, the difference in y between the pre development and con
temporary results was significant at the p < 0.05 level.

The parameter §; (Eq. (6)) quantifies the system time response to
changes in estuary outflow; higher values indicate a slower response. As
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Fig. 11. X2 regression fits (Eq. (5)) for the contemporary (a) and pre-development (b)
model simulations.

Table 1
X2 regression fit parameter values and error statistics. Parameters are defined in Egs. (5)
and (6).

Parameter Scenario
Contemporary Pre-development
B 281 277
Y 0.230 0.237
Bg (m*s ' day) 5739 4458
Standard error (km) 1.70 2.26
R2 0.986 0.985

shown in Table 1, ; was lower for the pre development system than for
the contemporary system. This suggests that, for a given antecedent
flow, the pre development system responded faster to changes in net
estuary outflow. However, as shown in Fig. 12, the antecedent flow also
varies substantially between pre development and contemporary sys
tems, due to different seasonal timing of outflow.

Fig. 12 compares contemporary and pre development model cal
culated outflow, antecedent flow (Eq. (6)), X2 (Eq. (5)), and the ad
justment time scale of salinity to flow (Eq. (7)). Differences in the time
series largely reflect differences in estuary outflow. Similar outflows
through much of 2006 led to similar X2. Much larger differences were
seen in late 2006 through 2008, where higher pre development system
outflows in winter and spring resulted in X2 10 20 km seaward of the
contemporary system. Lower pre development outflows in summer and
fall resulted in X2 10 20 km landward of the contemporary system. The
adjustment time is not only a function of 3, but also inversely related to
antecedent flow. Thus despite the lower ; for the pre development
estuary, the longest adjustment times occur for pre development con
ditions.

Two key differences between the pre development and con
temporary model scenarios influence salinity predictions: the time
history of estuary outflow and the estuary’s geometry and bathymetry.
To isolate the influence of changes to the estuary’s geometry and
bathymetry, the fitting parameters listed in Table 1 were used to gen
erate X2 time series for each system assuming identical outflow time
series. The results are shown for contemporary simulation outflows in
Fig. 13a and pre development simulation outflows in Fig. 13b. The
predicted X2 values were generally similar given the same outflows.
The mean absolute difference in X2 was 3.23km and 90% of the
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differences were within 4.68 km. For a given antecedent flow, X2 is
located farther seaward in the pre development system than in the
contemporary system. A higher steady outflow is therefore required for
the contemporary system to obtain the same X2 as in the pre devel
opment system. For X2 in the range 50 110 km, the outflows required
to obtain the same X2 are 28% higher, on average, in the contemporary
system.

4.3. Salt intrusion mechanisms

Total exchange flow and the associated salt fluxes and flux weighted
salinities calculated for the contemporary estuary simulation are shown
in Fig. 14. After a period of high flow in the spring of 2006, the total
exchange flow remains relatively steady and is typically 3 4 times
higher than the net estuary outflow, Q. Increases in both Q;, and Qqy
occur during spring tide conditions (Fig. 14a). For low and moderate
net estuary outflows, Q;, reaches a peak during spring tides which is
approximately double the minimum during neap tide. In Fig. 14, the
timing of peak spring tides is indicated with background vertical lines.
This was done to indicate changes in variables with the strength of the
tides when viewing the plots. Peak spring tide conditions were de
termined by finding the local maxima in the root mean square tidal flow
time series, Q;ms, computed by applying a 30 h moving window root
mean square to the flow time series at Martinez.

Both inflowing and outflowing salinity decrease with net estuary
outflow (Fig. 14b). Similar to the exchange flow, model predicted
salinity typically increases during spring tides. Tidally averaged strati
fication, As, is relatively less variable than inflowing and outflowing
salinity, and generally increases during neap tides and periods of higher
flow.

The calculated total incoming salt flux component (F,) is roughly
balanced by the outgoing salt flux (F,,), indicating gradual changes in
salt mass landward of Martinez (Fig. 14c). Increased net estuary out
flow decreases both flux components due to the effect of outflow on
salinity. The calculated Eulerian flux components are not in balance
because they do not represent salt transport due to Stokes drift but do
include transport from Stokes drift compensation flow.

Advective salt fluxes from the estuary mirror the short term changes
in net flow past the cross section (Q;,) resulting from variability in
water storage in Suisun Bay and the Delta (Fig. 14d). Water storage, as
indicated by subtidal water levels in the upper estuary, has been re
ported to vary with the spring neap cycle, barometric pressure, and
wind stress (Andrews et al., 2016; Monismith, 2016). Since we are more
interested in net salt transport mechanisms than variability due to
changes in water storage, we remove the salt fluxes associated with net
flow from the total and Eulerian flux estimates (Eq. (13)). From the
Eulerian estimate, we also remove Stokes drift compensation flow, and
the resulting landward salt flux is referred to as the steady Eulerian flux
(Feady)- It is associated with estuarine circulation and other processes
that influence tidally averaged velocity and salinity correlations. The
remaining landward salt flux is referred to as tidal flux (F;q), consistent
with the terminology in Chen et al. (2012), and is associated with
subtidal salt flux associated with tidal trapping and other tidally un
steady processes. These unsteady tidal fluxes are found to contribute
more to the net salt influx at this location than steady Eulerian fluxes
(Fig. 14e). As expected, tidal salt fluxes increase during spring tides,
whereas steady fluxes increase during neap tides.

Steady Eulerian salt fluxes account for a greater percentage of the
total in the contemporary simulation (long term average 36%) than the
pre development simulation (long term average 21%; see Fig. 15). This
is likely a result of a deeper channel at Martinez and through Suisun
Bay in the contemporary system increasing the potential for estuarine
circulation. The contemporary system also shows greater spring neap
variability in the partitioning between steady and unsteady fluxes.
During neap tides, 50 60% of the total dispersive flux is Eulerian while
during spring tides only 20 30% is. The Eulerian contribution in the
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Fig. 12. (a) Model calculated net estuary outflow, (b) antecedent
flow, (c) X2, and (d) adjustment time for the contemporary and
pre-development estuary simulations.

Fig. 13. X2 in the contemporary estuary and pre-development
estuary for (a) the contemporary estuary outflow and (b) pre-
development net Delta outflow. Secondary axis shows difference
in X2.
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Fig. 14. Contemporary estuary simulation (a) total exchange
flows, (b) exchange flow salinities, (c) isohaline derived salt
fluxes, (d) net isohaline salt fluxes, along with river and Stokes
drift compensation flow fluxes, and (e) total dispersive salt fluxes,
broken into steady and unsteady contributions. In all plots, ver-
tical gray lines indicate peak spring tide conditions.
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5. Discussion

Calibration of the pre development model was limited by a lack of
historical observations and the approximate nature of many of these
observations. Topography and bathymetry measurements were sparse
and entirely absent in many regions, which limits confidence that the
exact conditions of the pre development system were reproduced.
Given this limited data availability, approximations were necessary to
represent some landscape features (e.g., use of a simplified prescription
of a planar regional marsh plain elevation) and some processes were
ignored (e.g., explicit surface water groundwater interaction). Despite
these limitations, the pre development model contains the salient fea
tures of the system numerous blind sloughs, sinuous channels, and
broadly inundated marshland and is useful for comparison with the
modified environment of the contemporary estuary.

The simulated pre development and contemporary estuary outflows
were substantially different, with pre development outflows being
higher in winter and spring and lower in summer and fall. These flow
differences resulted in substantial salt intrusion length differences.
Inter and intra annual variability in X2 were both greater in the pre
development simulations. To isolate the influence of changes to the
estuary’s geometry and bathymetry, the response of both systems to the
same outflow time series was compared. Differences in salt intrusion

1°°%

70

100%

QQ
G of

\\)

length due to changes in bathymetry were found to be relatively small
(Fig. 13) despite the dramatic modifications that have taken place since
the mid 19th century. The X2 model parameters § and y (Eq. (5)) are
similar for both systems, indicating roughly the same salt intrusion
length for the same antecedent flow. The parameter §; (Eq. (6)) is
substantially smaller for the pre development system (4458 m®s~!
day) relative to the contemporary system (5739 m>s~! day), indicating
faster response of salinity to changes in flows under pre development
conditions for a given antecedent flow. The larger range of flows during
pre development conditions leads to more variable adjustment time and
higher maxima during the lowest flow conditions.

Many studies have estimated the power dependence of X2 to out
flow, y, for the San Francisco Estuary. Values range from a low de
pendence on outflow of —0.143 (Monismith et al., 2002) to a higher
dependence of —0.230 (MacWilliams et al., 2015). The range in these
estimates may be attributed to the data source (surface or bottom fixed
salinity monitoring stations, numerical model results) and time period
used for the regression, the parameterization of the response time
coefficient («), as well as the specifics of the regression analysis. Bias in
the calculation of y can result from using surface salinity stations and
an assumed level of stratification, as well as not allowing « to vary in
time (MacWilliams et al., 2015). 3 D numerical models may over
estimate vertical mixing at high outflows (Chua and Fringer, 2011),
resulting in underestimations of X2 at high flows and biasing the cal
culation of y. Our result for the contemporary San Francisco Estuary
(y = —0.230) is on the high range of the estimates, but is comparable to
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Fig. 16. Hypsographic curves of the contemporary and pre-development upper San
Francisco Estuary.

other studies using numerical modeling results (Gross et al., 2009;
Hutton, 2014; MacWilliams et al., 2015).

In the analytical analysis of Hansen and Rattray (1965), y was de
rived as —1/3. MacCready (1999) reported that while the expected
value for estuarine circulation dominated estuaries is —1/3, a value of
—1 is expected for dispersion dominated estuaries. All studies of the
San Francisco Estuary show a lower sensitivity of X2 to outflow than
theoretical predictions suggest. Monismith et al. (2002) concluded the
deviation is due to the geometry of the estuary, which is not re
presented in the analytical analysis, and the effects of stratification on
vertical mixing, which were neglected in Hansen and Rattray (1965).
They hypothesized that during high flows and neap tides, the estuary
switches from one in which SIPS dominates to a state where stratifi
cation increases with time, causing non linear increases in salt fluxes
up estuary. Our analysis is consistent with this explanation, with the
highest steady salt fluxes associated with high flow and neap tides. The
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capacity for this process is dampened in the shallower pre development
system, and may contribute to the higher outflow response coefficient
(= —0.237) than was found for the contemporary system.

Recent research by Chen (2015) suggests that, for the same net
outflow, the salinity field adjusts faster when flow is increasing than
when it is decreasing. By specifying the response time scale as a func
tion of antecedent flow (t = 5;/Qqun:), our method is consistent with this
finding. Since antecedent flow can be converted to a salt intrusion
length (Eq. (5)), our work is also consistent with Monismith (2017),
which specified the response time scale as a function of salt intrusion
length (X2).

It should be noted how successful these simple regression models
are at reproducing their respective datasets. For example, the model
used in this study (Hutton et al., 2015) consists of only three empirical
parameters and one input (estuary outflow) yet reproduces modeled X2
over a wide range of flow conditions with the high degree of accuracy
for both the pre development and contemporary San Francisco Estuary
systems. In other systems, strong variability of salt intrusion length
occurs over the spring neap cycle, with longer intrusion length during
neap tides due to variability in vertical mixing (Ralston et al., 2008).
This variability is ignored in our analysis, as minimal spring neap X2
variability is predicted in the hydrodynamic model simulations. In ad
dition, several physical processes which influence salt intrusion for
example, coastal sea level (Walters and Gartner, 1985) and wind
(Walters et al., 1985) are ignored by the simple X2 model, yet a
standard error of 1.70 km and a coefficient of determination of 0.986
are achieved for the contemporary system.

Fig. 14e suggests a potential explanation for the muted spring neap
variation in X2 found in the estuary: the importance of both steady
estuarine circulation processes and unsteady tidal processes in bringing
salt into the estuary. While tidal processes are stronger on spring tides,
estuarine circulation is stronger on neap tides, moderating large swings
in salt intrusion length. In the pre development system, unsteady tidal
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processes make up a larger portion of dispersive fluxes than in the
contemporary system. This is consistent with the analysis of Chen et al.
(2012), which indicated that the importance of steady fluxes relative to
unsteady fluxes is expected to increase with water depth, because the
strength of estuarine circulation increases with depth.

The shallower channels of the pre development system may also be
the cause for differences in the X2 regression parameters between the
systems. Hypsographic curves of the two systems are shown in Fig. 16.
The contemporary estuary has more volume at most elevations in the
upper estuary because of deeper channels dredged for shipping and
several flooded islands. These features are absent in the pre develop
ment system, but a rapid expansion in volume is seen above mean high
water because of extensive marsh plains. From a purely advective point
of view, a system with similar planform geometry but less volume
would respond more quickly to changes in flow, and for a given flow,
salinity would intrude less than a system with more volume. Both of
these conclusions were noted in our regression analysis for the pre
development system.

Despite differences in flows and stratification, dispersive tidal fluxes
up estuary are similar in the two simulations for much of the year
(Fig. 15). While the shallower channels of the pre development system
result in weaker steady exchange flow, such as estuarine circulation
processes, unsteady tidal fluxes are higher. The more complex and
sinuous channel network in Suisun Marsh may result in enhanced tidal
trapping bringing salt and material into the estuary. This difference in
transport mechanisms has implications for the transport of materials
that are not uniformly distributed in the vertical. Estuarine circulation
preferentially transports negatively buoyant material up estuary near
the bed. This includes sediment (Schoellhamer, 2001) and is also hy
pothesized to influence recruitment of negatively buoyant or downward
swimming organisms from the ocean to more productive low salinity
habitat (Kimmerer, 2002). In contrast, unsteady tidal processes trans
port material uniformly in the vertical.

Channel deepening due to sea level rise and dredging maintenance
of the shipping channels are expected to enhance estuarine circulation
processes in the future San Francisco Estuary. The addition (re in
troduction) of large areas of tidal marsh in Suisun Marsh for restoration
has the potential to increase tidal trapping processes. While both of
these changes to the estuary could potentially increase the strength of
dispersive salt flux mechanisms, the comparison of pre development
and contemporary systems suggests that increases in the strength of one
salt intrusion from a change in estuary geometry can be partially offset
by decreases in the strength of other salt intrusion processes. The es
timated change in the total strength of dispersive flux was found to be
limited, but salt intrusion length differed substantially between the pre
development and contemporary estuary due to differences in net es
tuary outflow.

6. Summary

Extensive anthropogenic modifications of the San Francisco Estuary
and its watershed have occurred since the mid 19th century. These
modifications have influenced both hydrology in the watershed and salt
transport mechanisms in the estuary. Previous studies (Fox et al., 2015;
CDWR, 2016f) have estimated changes in hydrology. This work ex
plores the changes in salt intrusion resulting from both the altered in
flow hydrology and estuarine geometry.

Three dimensional hydrodynamic models were developed to quan
titatively assess differences in salt intrusion between the San Francisco
Estuary under contemporary and pre development conditions. Results
from the contemporary model calibration indicate that the modeling
framework is sufficient to accurately predict water level, flow, and
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salinity in the estuary. The pre development system model was cali
brated by varying marsh plain elevations in order to match sparse ob
servations of tidal characteristics. A recent three year period covering a
range of flow conditions was used to compare the hydrodynamic be
havior of the two systems. While the contemporary model simulation
assumed historical observed boundary conditions, the pre development
model simulation assumed conditions thought to exist prior to the al
terations of the past two centuries.

Following the approach of Hutton et al. (2015), relationships be
tween net estuary outflow and the longitudinal distance from the es
tuary mouth to the 2 psu bottom salinity isohaline (X2) were developed
for each system. This fitting approach involves only three empirical
parameters and was found to reliably capture the variability in X2
predicted by the three dimensional hydrodynamic model of each
system. This approach is also consistent with recent findings that the
system time scale of adjustment is directly related to salt intrusion
length (Monismith, 2017).

Salt intrusion in the pre development estuary was found to be
slightly more sensitive to outflow and responded faster to changes in
outflow than in the contemporary estuary. Changes in hydrology as
sociated with the stabilizing effect of contemporary water management
on outflow were responsible for more of the salt intrusion differences
between the two systems than were changes in estuary geometry and
bathymetry.

Tidal trapping and other unsteady salt intrusion processes were
found to be more important in the pre development estuary than in the
contemporary one. In both systems, steady processes such as estuarine
circulation were strongest during neap tides and unsteady salt intrusion
processes were strongest during spring tides, resulting in limited spring
neap variability in salt intrusion. Expected future changes to the estuary
include sea level rise which is likely to increase the strength of estuarine
circulation and large scale restoration which is likely to increase the
strength of tidal trapping. However, given that multiple physical me
chanisms are important for salt intrusion in the upper San Francisco
Estuary, future increases in the strength of one mechanism may be
partially offset with decreases in the strength of another.

Finally, a key product of this work is a set of calibrated 3 D hy
drodynamic models for the pre development and contemporary San
Francisco Estuary. We hope that these tools will be useful to researchers
and estuary managers in future investigations into aspects of both
systems.
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Appendix A. Historical observations

Historical observed data for comparison with model output are shown in Table A.1. Data extracted from the historical accounts are generally
uncertain as the exact location of the measurement, and observations are typically rough estimates. An example of a relatively precise observation is
an account from a farmer at Horseshoe Bend on the Sacramento River that his two and one half foot high levee was “about one foot above the spring
tide mark,” meaning that the pre leveed marsh was likely inundated by a foot and a half of water at spring tides (Higley, 1860). An example of a less
precise observation was made by a visitor to Stockton, who noted “the tide of the ocean and Bay of San Francisco, sets up here, from one to two feet”

(McCollum, 1850).

Table A.1

Quantitative historical observations of tidal characteristics in the Delta, from Whipple et al. (2012).
Source: Source publication year is not necessarily indicative of the year the observation was taken.
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Observation Type Value Location Source

Tidal range in channel perceptible Sacramento River at Feather River Sacramento Daily Union (1862)
confluence

Tidal range in channel 0.56 m, 0.61 m Sacramento River at Sacramento Sacramento Daily Union (1862), McCollum

Tidal range in channel

Tidal range in channel
Tidal range in channel
Tidal range in channel
Tidal range in channel

Tidal range in channel
Tidal range in channel

Inundation frequency

Inundation frequency
Inundation frequency
Depth of marsh plain inundation
Depth of marsh plain inundation
Depth of marsh plain inundation

0.9 m (regular), 1.2 m (spring)

0.91 m (post hydraulic mining debris)
1.8 m (low-water), 0.3 m (flood stage)
1.1-1.8 m
1.2-1.8 m

0.3-0.61 m, 0.61 m
perceptible

south ends of islands regularly inundated, north ends
only on spring tides

“Wetted” twice daily

“Wetted” on spring tides

0.46 m (spring tide)

“Wetted”, 0.15 m (neap tide)

0.15m

Mokelumne River below Benson’s
Ferry

Sacramento River at Isleton
Cache Slough

Sherman Island

Delta mouth

San Joaquin River at Stockton
San Joaquin River at head of Old
River

Tyler and Staten Islands

Central Delta

Eastern margin of Delta

Sacramento River at Horseshoe Bend
Sherman Island

Bouldin Island

(1850)

Thayer (1955), Payson (1885), Thornton
(1859)

Hall (1879)

Rose et al. (1895)

Day (1869)

Abella and Cook (1960), Farnham (1857),
Rose et al. (1895)

McCollum (1850), Payson (1885)

Abella and Cook (1960)

Thompson (2006)

Whipple et al. (2012)
Whipple et al. (2012)

Higley (1860)

Rose et al. (1895), Day (1869)
Beaumont (1861)
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Appendix B. Contemporary San Francisco Estuary model calibration results

At each of the continuous monitoring stations shown in Fig. B.1, observed flow or stage data were compared against model predicted values on
both tidal and tidally averaged time scales. Average computed minus observed values were calculated to assess tidally averaged errors. Tidal time
scale error metrics included phase error (lag) and amplitude error. The coefficient of determination was calculated after correcting the modeled
values for phase error, following the methods described in RMA (2005). A model skill metric (Willmott, 1981) was also computed.

Model flow and stage error metrics are given in Table B.1 and Table B.2. Of the 31 flow stations, 22 (71%) had model skill accuracies classified as
accurate (> 0.975), using the category thresholds given by MacWilliams et al. (2015). Five stations (16%) had skill accuracies classified as acceptable
(0.950 0.975), and four stations (13%) were classified as poor agreement (< 0.950). Of the four stations with poor agreement, two were located in
the north Delta and resulted from inaccurate model flow splits through Sacramento River junctions; the other two were located in central Delta areas
with complex flow geometries. Of the 48 stage stations, 25 (52%) had model skill accuracies classified as accurate (skill value cutoffs were the same
as for flow). Eighteen stations were in the acceptable range (38%), and five stations (10%) were classified as poor agreement. Of the five stations with
poor agreement, four had model skill values just below the acceptable classification cutoff (in the range 0.943 0.949). Amplitude ratios were
generally above 1.0, indicating slight overestimation of tidal range. Computed stages were lower than observed on average.

USGS salinity transect comparisons are shown for the 25 cruises performed within the model simulation period in Fig. B.2. In each set of images,
observed salinities are shown in the left subplot. Model results are shown for the corresponding times and locations on the right. Salinity contours are
shown in intervals of 2 psu. The model is shown to accurately predict isohaline locations and stratification levels, except during times of very high
flow when the stratification is underpredicted.
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Fig. B.1. Continuous monitoring station locations for contemporary San Francisco Estuary model calibration.
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Fig. B.2. USGS Polaris cruise measured (left column) and model results (right column). Black dotted lines indicate model bathymetry along transect.
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