
Suspended-sediment Flux in the San Francisco Estuary; Part II:
the Impact of the 2013–2016 California Drought and Controls
on Sediment Flux

D. N. Livsey1 & M. A. Downing-Kunz1 & D. H. Schoellhamer1 & A. Manning2,3,4,5

Received: 24 October 2019 /Revised: 17 September 2020 /Accepted: 25 September 2020
# This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2020

Abstract
Recent modeling has demonstrated that sediment supply is one of the primary environmental variables that will determine the
sustainability of San Francisco Estuary tidal marshes over the next century as sea level rises. Therefore, understanding the
environmental controls on sediment flux within the San Francisco Estuary is crucial for optimal planning and management of
tidal marsh restoration. Herein, we present suspended-sediment flux estimates from water year (WY) 2009–2016 from the San
Francisco Estuary to investigate the environmental controls and impact of the record 2013–2016 California drought. During the
recent drought, sediment flux into Lower South Bay, the southernmost subembayment of the San Francisco Estuary, increased by
345% from 114 kt/year from WY 2009 to 2011 to 508 kt/year from WY 2014 to 2016, while local tributary sediment flux
declined from 209 to 51 kt/year. Total annual sediment flux from WY 2009 to 2011 and 2014 to 2016 can be predicted by total
annual freshwater inflow from the Sacramento-San Joaquin Delta (R2 = 0.83, p < 0.01), the primary source of freshwater input
into the San Francisco Estuary. The volume of freshwater inflow from the Sacramento-San Joaquin Delta is hypothesized to
affect shoal-to-channel density gradients that affect sediment flux from broad, typically more saline and turbid shoals, to the main
tidal-channel seaward of Lower South Bay. During the drought, freshwater inflow from the Sacramento-San Joaquin Delta
decreased, and replacement of typically more saline shoal water was reduced. As a result, landward-increasing cross-channel
density gradients enhanced shoal-to-channel advective flux that increased sediment available for tidal dispersion and drove an
increase in net-landward sediment flux into Lower South Bay.

Keywords Estuarine processes . Suspended-sediment . Sediment supply . Cohesive sediment . Flocculation . San Francisco
Estuary

Introduction

Tidal marshes are habitats with a diverse array of flora and
fauna and provide a wide range of ecosystem services to urban
areas such as wildlife, recreation, and education resources,

storm and flood protection, and pollution reduction
(Costanza et al. 1997). Globally, over the last 300 years more
than 65% of wetland habitats have been lost to resource over-
use, development, and pollution (Boesch et al. 2001; Jackson
et al. 2001; Lotze et al. 2006). Within the San Francisco
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Estuary (SFE), the second largest estuary on the western coast
of the Americas, 80% of the historic tidal marsh habitat,
60,000 ha, has been lost (Lotze et al. 2006). In the southern-
most subembayment of the SFE, the South Bay Salt Ponds
Restoration Project aims to restore 6000 ha of subsided, lev-
eed salt ponds into tidal marsh and managed wetland (Fig. 1).
Recent modeling has demonstrated that sediment supply is
one of the primary environmental variables that will determine
the sustainability of SFE tidal marshes over the next century as
sea level rises (Stralberg et al. 2011; Swanson et al. 2014).
Therefore, understanding the environmental controls on sedi-
ment flux within the SFE is crucial for optimal planning and
management of tidal marsh restoration.

Shellenbarger et al. (2013) collected and analyzed sediment
flux data in Lower South Bay, a subembayment of the SFE,
near the South Bay Salt Ponds Restoration Project during

water years (WY, defined as October 1 of the previous calen-
dar year to September 30) 2009–2011. We build upon this
work with 3.5 additional years of sediment flux data, collected
during the recent, record-breaking drought in California dur-
ing WY 2013–2016 (Livsey et al. 2020). From WY 2013–
2016 California experienced the worst drought in the instru-
mental record (Robeson 2015) with record-high salinity and
temperature observed in the SFE (Work et al. 2017). In this
study, changes in interannual suspended-sediment flux esti-
mates are utilized to investigate the controls on sediment flux
in the SFE and the impact of the recent California drought on
sediment flux in the SFE. A conceptual model is developed to
demonstrate how decreases in freshwater inflow can lead to
increased sediment flux into an estuarine subembayment.

Study Area

Based on general circulation patterns, the SFE can be broadly
divided into northern and southern regions divided by the San
Francisco-Oakland Bay Bridge (Walters et al. 1985). North of
the San Francisco-Oakland Bay Bridge, Central Bay, forms
the seaward boundary of South Bay with the seaward bound-
ary of the SFE at the Golden Gate (Fig. 1). South Bay is
defined as the SFE between the San Francisco-Oakland Bay
Bridge and Dumbarton Bridge (Fig. 1). Lower South Bay
(LSB) is the southernmost subembayment of the SFE and is
defined as the SFE south of Dumbarton Bridge (Fig. 1). In
embayments north of the San Francisco-Oakland Bay Bridge,
freshwater inflow from the Sacramento-San Joaquin Delta
(“Delta”) and saline ocean water entering from the Golden
Gate form circulation patterns consistent with a partially
mixed estuary (Fig. 1; Dyer 1998). In South Bay and LSB,
freshwater inflow from the Delta enters at the seaward bound-
ary of the subembayments and results in circulation patterns
characteristic of a “tidally oscillating lagoon” with exchange
of salt and sediment between South Bay and Central Bay
controlled primarily by baroclinic residual flows (McCulloch
et al. 1970; Conomos 1979; Conomos et al. 1985; Walters
et al. 1985; Largier et al. 1997; Kimmerer 2002; Gostic 2018).

For the SFE, 93% of the freshwater flow and 39% of
suspended-sediment supply enters from the Delta (McKee
et al. 2013; Fig. 1). The timing of freshwater inflow from
the Delta varies by year, but most of the inflow occurs in the
winter-spring (Nov–May) wet season (Kimmerer 2002).
Freshwater inflow from the Delta from November to
February is driven by precipitation in the watershed, while
freshwater inflow from March to May is driven by snowmelt
in the Sierra Nevada (Kimmerer 2002). During dry years,
freshwater inflow from the Delta is reduced but is still orders
of magnitude greater than freshwater inflow from local tribu-
taries (McKee et al. 2013). Freshwater inflow from the Delta
controls the wet-season reduction in salinity throughout the
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Fig. 1 San Francisco Estuarywith subembayments, major tributaries, and
locations of referenced sensors at Dumbarton Bridge (USGS station ID
373015122071000) San Mateo Bridge (USGS station ID 11162765),
Alcatraz Island (USGS station ID 374938122251801), and Redwood
City (NOAA Station 9414523). Bathymetry data, referenced from
North American Vertical Datum 1988 (NAVD88), are from NOAA
(2010). Elevation of mean lower low water (MLLW) and (MHHW) at
Dumbarton Bridge, estimated fromNOAA (2019), is − 0.4 m and − 2.2 m
from NAVD88, respectively. Contour at − 6 m in South Bay is utilized as
boundary between main tidal channel and shoals. Note maximum tidal
excursion at Dumbarton Bridge is 14 km, distance from stations at
Dumbarton Bridge to San Mateo Bridge is 14.6 km. Basemap generated
from data from NOAA (1998)
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SFE with salinity at LSB decreasing approximately 2 weeks
after peak freshwater inflow (McCulloch et al. 1970;
Shellenbarger and Schoellhamer 2011).

The bathymetry of the SFE is characterized by a channel-
shoal geometry with a main tidal-channel flanked by shoals
(Fig. 1). The main channel in LSB and South Bay is less than
1 km wide. Shoals in LSB reach up to 3 km in width on each
side of the channel, while the shoals north of Dumbarton
Bridge can extend up to 10 km in width (Fig. 1). At mean tide
level, LSB mean water depth and surface area are 2.6 m and
34 km2, respectively (Hager and Schemel 1996). Maximum
water depth in LSB is 20 m, and the mixed semidiurnal tidal
range is approximately 3 m (Shellenbarger et al. 2013).
Maximum depth-averaged tidal velocity at Dumbarton
Bridge reaches 1 m/s (Shellenbarger et al. 2013) and is flood
dominant (Elias et al. 2013; Livsey et al. 2020). Freshwater
inflow from the Delta is preferentially dispersed in South Bay
from the main channel to the shoals because freshwater inflow
from the Delta enters South Bay on the flood tide and the
maximum along-channel tidal excursion in the main channel
is on the order of 10 km, while the maximum along-channel
and cross-channel tidal excursion on the shoals is on the order
of 1–5 km (Powell et al. 1989; Lacy et al. 2014).

Suspended-sediment concentration (SSC) at Dumbarton
Bridge is mostly influenced by spring-neap tidal variation in
current velocity, advection of resuspended shoal sediment on
ebb tide, and seasonal variability in wind speed, rather than
freshwater inflow from local tributaries (Schoellhamer 1996;
Shellenbarger et al. 2013; Gostic 2018). During spring tides,
current velocity in the channel reaches 1 m/s leading to in-
creased resuspension by tides compared with neap tides with
maximum velocity typically around 0.75m/s. Maxima in SSC
occur on ebb tides after peak ebb velocity and have been
attributed to advection of resuspended shoal sediment into
the main channel (Schoellhamer 1996; Crauder et al. 2016).
For most of the year, the wind over LSB is from the northwest
with a diurnal cycle. Monthly median wind speeds, computed
for WY 2009–2011 andWY 2013–2016 from observations at
Redwood City, CA (NOAAStation 9414523; Fig. 1), increase
from March (~ 2 m/s) to April (~ 4 m/s) and remain relatively
high (> 3 m/s) until they decrease from September (~ 3 m/s) to
October (~ 1.5 m/s). Sediment concentrations over the shoals
of South Bay tend to be higher on flood tide compared with
ebb tide due to propagation of a standing wave along the axis
of South Bay and enhanced wind-wave resuspension during
low water level (Lacy et al. 1996). Most variability in wind
direction occurs from October to March due to storm-related
winds from the south (Brand et al. 2010).

Based on other studies of suspended-sediment transport in
the SFE (e.g., Ganju and Schoellhamer 2006; Downing-Kunz
and Schoellhamer 2013), the controls of residual, tidally av-
eraged, suspended-sediment flux at Dumbarton Bridge are
expected to be advection, tidal dispersion, and Stokes drift

due to the tidal wave propagation. In the “Methods” section
we utilize the decomposition of Dyer (1974) to quantify each
of these terms in the residual, tidally averaged, suspended-
sediment flux at Dumbarton Bridge. Below we provide a brief
description of each term and describe possible drivers of sea-
sonal and interannual change in each term.

Estuarine advective flux is the subtidal transport of sedi-
ment mediated by the estuarine circulation that drives subtidal,
along-channel (x-coordinate, landward positive) and cross-
channel (i.e., channel-to-shoal, y-coordinate, landward posi-
tive) flow (Geyer and MacCready 2014). The estuarine circu-
lation is affected by gradients in water density (ρ), tidal
straining, and bathymetry (Geyer and MacCready 2014).
Because along-channel flow and cross-channel flow between
the channels and shoals are important drivers of advective flux
in the SFE (e.g., Lacy et al. 2014; Gostic 2018), subtidal flow
is delineated between along-channel exchange flow and cross-
channel exchange flow. For much of the year, there is a land-
ward along-channel exchange flow (i.e., net inflow of bottom
water and net outflow of surface water) driven by a typical
(negative) estuarine density gradient (i.e., δρ/δx decreasing in
the landward direction) from Central Bay to LSB (Conomos
et al. 1985; Gostic 2018). Landward, along-channel exchange
flow is thought to drive net-landward advective flux towards
LSB (Gostic 2018). Cross-channel exchange flow between
the channels and shoals is thought to be typically channelward
(i.e., net channel-directed outflow of bottom water and net
shoal-directed inflow of surface water) because freshwater
from the Delta is preferentially dispersed along the main-
tidal channel (Pubben 2017). Channelward cross-channel ex-
change flow enhances advective flux from more turbid shoals
to the main tidal channel (Lacy et al. 2014).

Along-channel and cross-channel exchange flow in LSB
and South Bay is primarily controlled by changes in freshwa-
ter inflow from the Delta between the wet and dry seasons
(McCulloch et al. 1970; Walters et al. 1985; Powell et al.
1989; Pubben 2017; Gostic 2018). At the onset of freshwater
inflow from the Delta, during the rising limb of the
hydrograph, landward along-channel exchange flow is weak-
ened because freshwater inflow from the Delta enters at the
seaward boundary of South Bay (Gostic 2018). Seaward
along-channel exchange flow (i.e., net outflow of bottom wa-
ter and net inflow of surface water) may occur as freshwater
inflow from the Delta induces a positive δρ/δx from Central
Bay to LSB (i.e., an increase in density in the landward direc-
tion). Periods of seaward along-channel exchange flow occur
on time-scales of days with net-seaward advective flux and
sediment export from LSB (Walters et al. 1985; Gostic 2018).
Approximately 2 weeks after the peak in freshwater inflow
from the Delta, during the falling limb of the hydrograph,
LSB salinity reduces, and landward along-channel exchange
flow is enhanced from October to April (McCulloch et al.
1970; Walters et al. 1985; Shellenbarger and Schoellhamer
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2011; Pubben 2017). The strength and direction of cross-
channel exchange flow depend on the volume of freshwater
inflow from the Delta (Pubben 2017). At the onset of fresh-
water inflow, positive cross-channel density gradients (δρ/δy
increasing in the landward direction) increase; however, with
sufficient freshwater inflow, saline shoal water is replaced,
and positive δρ/δy weakens, and may become negative
(Powell et al. 1989; Lacy et al. 2014).

During the dry season (July–September), freshwater
from the Delta in South Bay is replaced by saline ocean
water (van Kempen 2017), the magnitudes of negative δρ/
δx and positive δρ/δy are minimized (Pubben 2017), and
salinity in South Bay increases in response to increasing
evaporation (McCulloch et al. 1970; Largier et al. 1997).
When salinity in South Bay exceeds salinity in Central
Bay an estuarine circulation characteristic of a “low-in-
flow” estuary occurs (Largier et al. 1997). Along-
channel exchange flow when salinity in South Bay ex-
ceeds salinity in Central Bay is thought to trap sediment
in LSB through the development of landward, along-
channel exchange flow and net-landward advective flux
towards LSB (McCulloch et al. 1970; Largier et al.
1997). Although positive δρ/δy are near zero, channelward
cross-channel exchange flow and shoal-to-channel sedi-
ment flux can be enhanced when water over the shoals
is more turbid and cooler than channel water (Lacy et al.
2014).

Tidal dispersion is the flux arising from correlations be-
tween tidally fluctuating velocity and sediment concentration
(Geyer and Signell 1992). In the SFE, SSC generally de-
creases moving seaward from LSB to Central Bay, except
when turbid freshwater inflow from the Delta enters Central
Bay (McCulloch et al. 1970). Analysis of SSC estimates from
Buchanan et al. (2018) collected at Dumbarton Bridge and at
Alcatraz Island in Central Bay indicates tidally filtered SSC
was always higher at Dumbarton Bridge than Alcatraz Island
from WY 2009 to 2016. Therefore, tidal dispersion along the
channel of South Bay for much of the year is expected to be
directed seaward. That said, local reversals in the positive
along-channel SSC gradient (δSSC/δx increasing in the land-
ward direction) could develop from transport of resuspended
shoal sediment into the main channel and input of tributary-
derived sediment. For example, transport of resuspended,
shoal-derived sediment into the main channel at the end of
ebb tide (Schoellhamer 1996), wind-driven return flows in-
duced by sustained (> 24 h) winds (Brand et al. 2010), and/
or enhanced channelward cross-channel exchange flow (Lacy
et al. 2014) may result in seaward-increasing δSSC/δx and net-
landward dispersive flux. Tributary derived sediment may in-
duce local maxima in suspended sediment concentrations
north or south of Dumbarton Bridge (Gostic 2018).

Stokes drift in the decomposition of Dyer (1974) is due to
propagation of the tidal wave and is not expected to vary

significantly on interannual timescales. Stokes drift at
Dumbarton Bridge is expected to be net landward from the
propagation of a standing wave down the axis of South Bay
(Walters et al. 1985).

Methods

Suspended-sediment Flux Computation

Methods for the estimation of cross-section averaged
suspended-sediment flux fromWY 2009 to 2016 for the study
location at Dumbarton Bridge (USGS station ID
373015122071000; Fig. 1) are presented in Part I, (Livsey
et al. 2020). Livsey et al. (2020) modified methods for esti-
mating suspended-sediment flux used by Shellenbarger et al.
(2013) and references therein to account for changes in the
vertical distribution of suspended sediment through the tide
cycle. Accounting for changes in the vertical distribution of
suspended sediment through the tide cycle reversed the sign of
sediment flux estimates from net seaward flux (i.e., net flux
out of LSB) to net landward flux (i.e., net flux into LSB) from
WY 2009 to 2011.

Briefly, cross-section averaged sediment flux is estimated
by regressing discrete measurements of cross-section SSC,
water velocity, and area to continuous, 15-min, point-
estimates of SSC and measurements of water velocity and
stage measured at-a-point in the cross-section. Continuous
SSC estimates are based on measurements from two optical
turbidity sensors in the water column (mid-depth at 4 m below
mean water depth and near-bed at 14 m below mean water
depth; mean water depth is 15 m). Continuous water velocity
and stage measurements are collected from a side looking
ADCP. Cross-section averaged measurements of SSC are col-
lected using an US-D96 sampler (Edwards et al. 1999). Cross-
section averaged measurements of water velocity and area are
collected using boat-based ADCP transects. Net suspended-
sediment flux estimates are computed as the sum of the prod-
uct of cross-section averaged time series of SSC and discharge
(Livsey at al. 2020). Uncertainty in sediment flux estimates
arising from scatter in regression equations was quantified
using bootstrap and Monte-Carlo resampling described in
Rustomji and Wilkinson (2008).

Suspended-sediment Flux Decomposition and
Semidiurnal Variability

To determine the dominant components of the cross-section
averaged suspended-sediment flux at Dumbarton Bridge
suspended-sediment flux was decomposed following Dyer
(1974) with
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Qs½ � ¼ U½ � A½ � SSC½ � 1ð Þ þ U ’ A½ � SSC½ �½ � 2ð Þ
þ U½ �A’ SSC½ �½ � 3ð Þ þ U ’A’½ � SSC½ � 4ð Þ
þ U½ � A½ �SSC’½ � 5ð Þ þ U ’ A½ �SSC’½ � 6ð Þ
þ U½ �A’SSC’½ � 7ð Þ þ U ’A’SSC’½ � 8ð Þ ð1Þ

where brackets ([ ]) indicate tidally averaged values and
prime (′) indicates deviations of instantaneous values from
the tidal average (fluctuations). U and SSC are cross-section
averaged water velocity and suspended-sediment concentra-
tion, respectively, and A is the cross-section area. As an ex-
ample, for U, the decomposition takes the form

U ¼ U½ � þ U
0 ð2Þ

in which U is the instantaneous value, [U] is the tidally
averaged value, and U′ is the deviation from tidal average
(fluctuation). Tidal averaging was performed using a low-
pass Butterworth filter with a 30-h stop period and a 40-h pass
period, a process that retains variations with periods longer
than 30 h such as the spring-neap cycle. The filter was applied
in the forward and reverse direction following Ganju and
Schoellhamer (2006) to prevent filter-ringing anomalies at
the beginning and end of time series. Terms 1, 4, and 6 are
the fluxes due to the advective, Stokes drift due to the tidal
wave propagation, and tidal dispersion processes, respective-
ly. Hereafter, sediment flux owing to the advective process in
term 1 will be referred to as “advective flux” and sediment
flux owing to tidal dispersion in term 6 will be referred to as
“dispersive flux.” Further decomposition of terms that vary
across the cross-section (e.g., Lerczak et al. 2006) is not pos-
sible because the index-velocity method (Ruhl and Simpson
2005; Levesque and Oberg 2012) and velocity-weighted
cross-sectional average SSC measurements (Edwards et al.
1999) do not provide continuous cross-channel estimates of
U, A, or SSC.

Semidiurnal variability of the advective flux and dispersive
flux components was investigated by plotting the interquartile
range of [U][A], U ’ [A], [SSC], SSC, and SSC’ as a function
of water velocity and inundated shoal area binned by tidal
phase. Tidal phase was determined from times series of U.
Sample time (ti) was converted to tidal phase (θi) following
Downing-Kunz and Schoellhamer (2013) with

θi ¼ ti−ts1
ts2−ts1

*360 ð3Þ

where ts1 is slack after flood (0°) and ts2 is the subsequent
slack after flood (360°). Ebb tides occur between 0° and ap-
proximately 180°. The inundated area and volume south and
north of Dumbarton Bridge were computed using stage mea-
sured at Dumbarton Bridge, tidal datums estimated from
NOAA (2019), and computations of surface area using

ArcGIS® (any use of trade, firm, or product names is for
descriptive purposes only and does not imply endorsement
by the U.S. Government) and bathymetry data from Fregoso
et al. (2017). During ebb tides the inundated area south of
Dumbarton Bridge was utilized. During flood tides the inun-
dated area of South Bay between Dumbarton Bridge and
14 km north of the Dumbarton Bridge (i.e., the maximum tidal
excursion estimated from U) was utilized. To delineate area
and volume estimates between the main tidal channel and the
shoals the − 6-m contour, identified by a change in slope
between the shoals and channel, was utilized (Fig. 1).

Variability and Controls of Monthly and Annual
Suspended-sediment Flux

Changes in net sediment flux at monthly and annual time-
scales were investigated to ascertain if changes in seasonal
and/or annual sediment flux occurred from 2009 to 2011 into
the 2013–2016 drought. Annual sediment fluxes forWY2013
were omitted because sediment flux data are lacking from
October 2012 to February 2013. Monthly and interannual var-
iabilities in freshwater inflow, δρ/δx, wind speed, and local
tributary sediment fluxes were compared with net sediment
flux estimates to investigate possible drivers of seasonal and
interannual variabilities in sediment flux at Dumbarton Bridge
(see Table 1 for details of data sources utilized). Freshwater
inflow and changes in δρ/δx and δρ/δy are expected to affect
advective fluxes through changes in along-channel and cross-
channel exchange flow. Changes in wind-wave resuspension
and local tributary sediment fluxes are expected to affect tidal
dispersion by affecting δSSC/δx and δSSC/δy.

δρ/δx were computed from continuous specific conduc-
tance and water temperature from three USGS monitoring
locations between Central Bay and LSB (seaward (north) to
landward (south): Alcatraz Island, San Mateo Bridge, and
Dumbarton Bridge; Fig.1; Table 1). Water density was com-
puted from specific conductance and water temperature
using the method of Hill et al. (1986). Density time series
were tidally filtered in the same manner presented earlier
and utilized to compute δρ/δx between stations. Negative
δρ/δx are expected to enhance landward along-channel ex-
change flow and net landward advective flux (Gostic 2018).

Direct analysis of δρ/δy is not possible because no long-term
monitoring stations are located on the shoals. To provide an
initial approximation of changes in δρ/δy we utilize salinity as
a conservative tracer in a two-end member mixing model with

Sm ¼ FoSO þ FRSR ð4Þ

where S is salinity, Sm is measured salinity in the main tidal
channel, and F is the fraction of water in South Bay from the
specified source with “O” and “R” indicating water sources
from the ocean and rivers, respectively. Assuming
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conservation of mass (i.e., Fo + FR = 1), the fraction of fresh-
water in South Bay (FR) can be estimated using

FR ¼ 1−
Sm−SR
SO−SR

ð5Þ

where 35 ppt and 0.5 ppt are utilized for SO and SR, respec-
tively. Tidally filtered timeseries of salinity at Dumbarton
Bridge and San Mateo Bridge are utilized for Sm. Estimates
of FR are compared with three-dimensional hydrodynamic
estimates of van Kempen (2017) for WY 2015 and WY
2017. Based on past field-based and modeling studies
(Powell et al. 1989; Pubben 2017; van Kempen 2017), FR is
expected to initially enhance positive δρ/δy ; however, for
large values of FR (FR > 0.5), δρ/δy may become negative as
saline water on the shoals is replaced by freshwater dispersed
from the main tidal channel (Powell et al. 1989). Positive δρ/
δy is expected to enhance shoal-to-channel sediment flux,
while negative δρ/δy is expected to counteract, and even pre-
vent, shoal-to-channel sediment flux (Lacy et al. 2014).

Because Schoellhamer (1996) and Lacy et al. (2014) found
that increased northerly wind stress results in more resuspen-
sion on South Bay shoals and increased shoal-to-channel sed-
iment flux per unit change in δρ/δy (Lacy et al. 2014) a mul-
tivariate regression with FR and northerly wind stress to pre-
dict monthly sediment flux was included in the analysis of the
effect of δρ/δy onmonthly sediment flux.Wind stress (τw) was
computed using τw ¼ CD ρairW

2
s , using air density ρair = 1.22

kg/m3 and drag coefficient CD = 1.2 × 10−3 (Pond and
Pickard 1983) with wind measurements from Table 1.

Results

Suspended-sediment Flux Decomposition

Advective, dispersive, and Stokes drift components describe
the majority of observed [Qs] with a coefficient of

determination (R2) between the sum of the advective, disper-
sive, and Stokes drift components and [Qs] of 0.99. The cor-
relations of advective, dispersive, and Stokes drift compo-
nents with [Qs] individually are 0.07, 0.81, and 0.01, respec-
tively. The importance of dispersive flux in [Qs] as measured
by R2 did not change fromWY 2009 to 2011 andWY 2013 to
2016. ForWY 2009–2011 andWY 2013–2016 the dispersive
flux accounted for 83% of the net [Qs] at Dumbarton Bridge
(Table 2). For WY 2009–2011 andWY 2013–2016 advective
flux at Dumbarton Bridge was net seaward, while dispersive
flux and flux owing to Stokes drift due tidal wave propagation
were net landward (Table 2). On a year-to-year basis the net-
seaward advective flux was nearly balanced by a net-landward
sediment flux driven by Stokes drift (Table 2).

Semidiurnal Variability in Components of Suspended-
sediment Flux

Tidal phase averaging of the water flux components of advec-
tive and dispersive flux (i.e., [U][A] and U ’ [A], respectively)
indicates that the sign of median [U][A] for all tidal phases is
seaward-directed and the magnitude ofU ’ [A] exhibits a flood-
ebb asymmetry. In WY 2009–2011 and WY 2013–2016 two-
sample t tests indicate that the magnitude ofU ’ [A] is higher in
early ebb (< 75°) than early flood (180 to 255°), but in later
flood, after 255°, U ’ [A] is higher compared with later ebb
(80–175°). The sign of [U][A] and the flood-ebb asymmetry
in U ’ [A] did not change from WY 2009–2011 to WY 2013–
2016 and is likely driven by the bathymetry of the tidal inlet at
Dumbarton Bridge. Although landward along-channel ex-
change flow is expected to induce a net-landward advective
flux for much of the year (Gostic 2018), hydrodynamics at
the tidal inlet induce a predominantly seaward-directed [U][A]
and drives net-seaward advective flux for all years (Table 2).
The flood-ebb asymmetry in U ’ [A] will influence net disper-
sive flux but the sign of net dispersive flux also depends on
semidiurnal variability in SSC′ detailed below.

Table 1 Data sources used in this
study Variable Source

Freshwater inflow from the Delta DAYFLOW, California Dept. of Water Resources (1986)

Freshwater inflow from LSB
tributaries*

USGS, see footnote for site ID numbers**

Salinity and temperature data USGS, see Fig. 1 for site locations and ID numbers

LSB tributary sediment flux* Estimated using methods of Mckee et al. (2013) and gauged tribu-
taries**

Wind speed and direction NOAA, Redwood City site ID 9414523

*Minimum estimate, listed tributaries drain approximately 75% of the drainage area within one tidal excursion of
Dumbarton Bridge

**All U.S. Geological Survey gaging data are available in the U.S. Geological Survey National Water
Information System (NWIS; U.S. Geological Survey 2020): Guadalupe River (USGS Station ID: 11169025),
Coyote Creek (USGS Station ID: 11172175), San Francisquito Creek (USGS Station ID: 11164500), Alameda
Creek (USGS Station ID: 11179000), and Dry Creek (USGS Station ID: 11180500)
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The interquartile range of [SSC] was nearly constant
across tidal phase with the mean of median [SSC] across
tidal phase increasing from 75 mg/l (±1.3 mg/l at 2 stan-
dard deviations) in WY 2009–2011 to 110 mg/l (±1.8 mg/
l at 2 standard deviations) in WY 2013–2013. SSC and
SSC′ covaried with water velocity and inundated shoal
area (Fig. 2). Tidal phase averaging of SSC and SSC′
indicates relatively clear ebb waters (i.e., SSC′ < 0 and
[U] < 0) from 0 to approximately 90° with an increase to
turbid ebb waters (i.e., SSC′ > 0 and [U] < 0) after peak
ebb velocity and when the inundated area of LSB is at a
minimum (Fig. 2). On flood tides, SSC and SSC′ increase
with peak flood velocity and when the rate of increase in
the inundated area north of Dumbarton Bridge decreases
(Fig. 2).

Larger SSC and SSC′ at the end of ebb tide (Fig. 2) is
consistent with LSB shoals draining faster and more
completely than South Bay shoals within 14 km north of
Dumbarton Bridge. At mean lower low water, LSB shoals
only retain 9% of the total inundated volume at mean
higher high water compared with the 19% of the total
inundated volume at mean higher high water on South
Bay Shoals. At mean tide level, mean water depth on
LSB shoals is 1.4 m and mean water depth on South
Bay shoals is 2.0 m. For LSB at mean tide level, shoal
volume accounts for 77% of the inundated embayment
volume (i.e., main tidal channel plus shoals), while
South Bay shoals account for 50% of the inundated em-
bayment volume. At mean tide level for LSB and South
Bay shoals combined, shoal volume accounts for 56% of
the total inundated volume. The above volumetric calcu-
lations are consistent with past bathymetric analysis

(Bearman et al. 2010) that indicted LSB shoals are
shallower and narrower in profile than shoals in South
Bay (Fig. 1).

From WY 2009 to 2011 and WY 2013 to 2016 the
interquartile range of SSC increased from 32–150 mg/l
in WY 2009–2011 to 54–165 mg/l in WY 2013–2016
and the interquartile range of SSC′ increased from − 36–
160 mg/l in WY 2009–2011 to − 45–170 mg/l in WY
2013–2016 (Fig. 2). The increase in tidal phase averaged
SSC from WY 2009–2011 to WY 2013–2016 is also seen
in point SSC data from the mid-depth sensor at
Dumbarton Bridge with increases in point SSC to pre-
1999 levels when SSC were higher in the SFE overall
(Fig. 3; Schoellhamer 2011). Two-sample t tests indicate
the increase in SSC from WY 2009–2011 to WY 2013–
2016 for all tidal phases was statistically significant (p <
0.05). Two-sample t tests indicate that changes in SSC′
from WY 2009–2011 to WY 2013–2016 for all tidal
phases except from 20–45°, 125–150°, and 280–290°
were statistically significant (p < 0.05).

Monthly and Annual Variability in Suspended-
sediment Flux

In general, sediment flux measured at Dumbarton Bridge ex-
hibits a seasonal pattern of net-landward flux during the wet
season (October–February), variable net flux in the spring
months (March–June), and near-zero net sediment flux during
the dry season (July–September) (Fig. 4). Cumulative sedi-
ment flux into LSB measured at Dumbarton Bridge over the
periods WY 2009–2011 andWY 2013–2016 was 342 kt (114
kt/year) and 1502 kt (429 kt/year), respectively, with net-

Table 2 Net sediment fluxes by water year at Dumbarton Bridge. Landward is positive with median quantile estimates shown. Tributary sediment flux
estimates computed using the methods of Mckee et al. (2013)

Water
year

Advective
flux (kt)

Dispersive
flux (kt)

Stokes
drift (kt)

Sum of advective flux and
Stokes drift (kt)

Sum of advective flux,
stokes drift, and
dispersive flux (kt)

Net [Qs]
(kt)**

Total tributary
Qs ***

Alameda Creek
Qs ****

2009 − 117 248 83 − 34 214 250 98 77

2010 − 113 203 106 − 7 196 240 284 229

2011 − 92 − 232 113 21 − 211 − 151 245 204

2013* − 77 − 53 86 9 − 44 − 32 173 59

2014 − 97 490 127 30 519 552 11 4

2015 − 155 552 171 16 568 609 98 68

2016 − 121 250 108 − 14 236 279 44 30

Total − 773 1457 793 21 1478 1747 952 670

*Partial water year, data collection began Mar 7, 2013

**Differs from net sediment fluxes by water year in Fig. 6 because net sediment fluxes by water year are computed as the sum of the product of cross-
section averaged SSC and discharge while data affected by filter-ringing anomalies in [Qs] are removed

***Includes suspended-sediment flux from all gauged tributaries discharging within one-tidal excursion of Dumbarton Bridge

****Suspended-sediment flux from Alameda Creek, USGS station ID: 11179000
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landward flux increasing for all months in WY 2013–2016
(Fig. 5). Landward sediment flux into LSB increased from

114 kt/year (95% confidence interval 77 − 162 kt/year; WY
2009–2011) to 508 kt/year (95% confidence interval 384–662

a b c

fed

Fig. 2 Suspended-sediment concentration (SSC), deviation from tidally
filtered SSC (SSC′), and cross-section averagedwater velocity (U) plotted
as a function of tidal phase for water year (WY) 2009–2011 (a, b, and c)
and WY 2013–2016 (d, e, and, f). The inundated area (Aind) south and
north of Dumbarton Bridge for ebb (0 to approximately 180°) and flood

tide (> 180 to 260°), respectively, is normalized to a mean of zero and a
standard deviation of 1 for plotting purposes. Ebb tides end just after 180°
due to tidal asymmetries. Note that SSC and SSC′ increased inWY 2013–
2016 but that the relationships between SSC and SSC′ with tidal phase
and U (c and f) remain the same fromWY 2009–2011 toWY 2013–2016

Fig. 3 Suspended-sediment concentration (SSC) at the mid-depth sensor
at Dumbarton Bridge since water year (WY) 1992. Boxplots indicate
median and interquartile range with outer lines to 1.5 times the interquar-
tile range. Note median SSC duringWY 2013–2016 has increased to pre-

1999 levels. Estimates of mean annual tributary flux computed using the
methods of Mckee et al. (2013) are indicated in grey shaded boxes for
WY 2009–2011 and WY 2013–2016. Note that mean annual tributary
fluxes decreased in WY 2013–WY 2016 while SSC increased
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kt/year; WY 2014–2016 with WY 2013 omitted due to a lack
of data from October 2012 to February 2013). Sediment flux
from tributaries decreased in WY 2013 from 209 kt/year in
WY 2009–2011 to 51 kt/year in WY 2014–2016 (Table 2).

For all years except WY 2013 and WY 2014 sediment flux
from Alameda Creek, seaward of Dumbarton Bridge (Fig. 1),
accounted for the majority of tributary sediment flux
(Table 2).

Fig. 5 Median monthly net
suspended-sediment flux for wa-
ter year (WY) 2009–2011 and
WY 2013–2016 with 95% confi-
dence intervals. Note WY 2013–
2016 sediment flux into Lower
South Bay (i.e., net-landward
sediment flux) increased for all
months relative to WY 2009–
2011. About 95% confidence in-
tervals were quantified using
bootstrap and Monte-Carlo re-
sampling described in Rustomji
and Wilkinson (2008)

a b

Fig. 4 Monthly net suspended-sediment flux computed at Dumbarton Bridge for a water year (WY) 2009–2011 and b WY 2013–2016. Error bars
indicate 95% confidence intervals quantified using bootstrap and Monte-Carlo resampling described in Rustomji and Wilkinson (2008)
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Controls on Annual and Monthly Suspended-
sediment Flux–Freshwater Inflow, Along-channel and
Cross-channel Density Gradients, and Wind

Freshwater inflow from LSB tributaries exhibited no statisti-
cally significant correlation with monthly sediment flux (R2 =
0.03, p = 0.13). Freshwater inflow from the Delta exhibited a
statistically significant correlation with monthly sediment flux
(R2 = 0.14, p < 0.001) with increases in freshwater inflow
correlating with decreased sediment flux into LSB. On annual
timescales, freshwater inflow from LSB tributaries and from
the Delta exhibited statistically significant correlation with
annual sediment flux estimates with increases in freshwater
inflow correlating with decreased landward sediment flux into
LSB (Fig. 6). Freshwater inflow from LSB tributaries and the
Delta was greater in WY 2009–2011 compared with WY
2014–2016 for all years except WY 2016.

From November to April as freshwater inflow from the
Delta and local tributaries increases, the magnitude of nega-
tive δρ/δx increases, while FR increases (Figs. 7a, b, 8a, b).
Median monthly δρ/δx and FR are inversely proportional for
all months (R2 = 0.4, p < 0.05), possibly indicating that as
landward along-channel exchange flow strengthens,
channelward cross-channel flow weakens. For each WY, at
the onset for freshwater inflow from the Delta, during the

rising limb of the hydrograph, positive δρ/δx develops but
the inversion in typical density gradients persisted for less than
3 weeks (Fig. 7). Consistent with past estimates of residence
time (Walters et al. 1985) and hydrodynamic modeling results
from van Kempen (2017), δρ/δx and FR change faster in the
wet season compared with the dry season.

Annual maxima in FR are in close agreement with hydro-
dynamic modeling estimates of peak FR in WY 2015 and
2017 (Fig. 9a). The annual maxima in FR is proportional to
total annual freshwater inflow from the Delta (Fig. 9a) and net
annual LSB sediment flux (Fig. 9b). When peak annual FR
exceeds 0.56, that is when freshwater accounts for more than
56% of the volume of water in the main tidal channel, net
annual LSB sediment flux goes from net-landward to net-
seaward (Fig. 9b). Note that 56% is the estimated volume of
LSB and South Bay shoals at mean tide level. Annual maxima
in FR is expected to be an important indicator of δρ/δy because
the replacement of freshwater in South Bay with ocean-
derived water takes many months (Fig. 7; van Kempen 2017).

Median monthly δρ/δx measured between Dumbarton
Bridge and Alcatraz Island, Dumbarton Bridge and San
Mateo Bridge, and San Mateo Bridge and Alcatraz Island
regressed to monthly sediment flux for all months except from
July to November inWY 2014–2016 indicate decreased land-
ward sediment flux into LSB with more negative density

a b

Fig. 6 Annual freshwater inflow from the Sacramento San-Joaquin
Delta (Delta) (a) and LSB tributaries by water year (WY) (b) regressed
to net-annual suspended-sediment flux at Dumbarton Bridge. Log-linear
models provided best fit for freshwater inflow from the Delta (a) and
Lower South Bay (LSB) tributaries (b) regressed to water year cumula-
tive sediment flux. Confidence intervals were quantified using bootstrap
and Monte-Carlo resampling described in Rustomji and Wilkinson
(2008). Optimum functional forms for regression were selected using

the regression diagnostics of Helsel and Hirsch (2002). Dashed, red lines
indicate 95% prediction confidence intervals. A log-linear model was
expected because freshwater inflow from the Delta exhibits log-linear
relationship with salinity throughout the San Francisco Estuary
(Shellenbarger and Schoellhamer 2011), and freshwater inflow from the
Delta is expected to affect sediment flux at Dumbarton Bridge through
changes in density gradients that affect along-channel and cross-channel
exchange flow
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gradients (R2 ≤ 0.2, p < 0.05). Conversely, median monthly
δρ/δx defined between San Mateo Bridge and Dumbarton
Bridge analyzed from July to November in WY 2014–2016
indicate increased landward sediment flux into LSB with
more negative δρ/δx (R2 = 0.5, p < 0.02). δρ/δx from July to
November in WY 2014–2016 was analyzed separately be-
cause density at San Mateo Bridge exceeded density at
Alcatraz Island inWY 2014–2016, and wet season freshwater
inflow was delayed until early December in these years (Fig.
7). When density at San Mateo Bridge exceeds density at
Alcatraz Island and Dumbarton Bridge, landward along-
channel exchange flow and net-landward sediment flux are
expected landward of San Mateo Bridge, while seaward
along-channel exchange flow is expected seaward of San
Mateo Bridge (Largier et al. 1997).

Maximum monthly FR estimated at Dumbarton Bridge
and San Mateo Bridge for all months indicates decreased
net-landward sediment flux with increasing FR (R

2 ≤ 0.1, p
< 0.01). The sign of the regression between maximum
monthly FR and monthly sediment flux did not change from
July toNovember inWY2014–2016.MaximummonthlyFR

was used to estimate the effect of δρ/δy on sediment flux
because shoal-to-channel sediment flux induced by positive
δρ/δy, and channelward cross-channel exchange flow is ex-
pected to be event driven (Lacy et al. 2014). Inclusion of
mean northerly wind stress with maximummonthly FR from
eitherDumbartonBridge or SanMateoBridge exhibited bet-
ter correlation (R2 ≤ 0.3, p < 0.001) with monthly sediment
flux than use of FR alone. Maximum monthly FR and mean
northerly wind stress were both statistically significant var-
iables in themultivariate regression (p < 0.001). Inclusion of
monthly measures of δρ/δx did not improve model fit.

Median annual wind speed in WY 2009–2011 is 2.3 m/s,
and median annual wind speed from WY 2013 to 2016 is 2.2

m/s. Wind speed analyzed on seasonal timescales (e.g., wet-
season months, dry season months), and with respect to wind
direction (e.g., trends in northerly or easterly wind speeds),
indicate little to no change or possible decrease from WY
2009 to 2011 and WY 2013 to 2016 (Fig. 8c, d). Trends in
wind speed fromWY 2009–2011 to WY 2013–2016 are con-
sistent with Bever et al. (2018) who documented an estuary-
wide decrease in wind speed from 1995 to 2015.

Discussion

Controls on Lower South Bay Sediment Flux

Dispersive flux due to tidal dispersion was the dominant pro-
cess of [Qs] and drove the increase in net-landward sediment
flux into LSB in WY 2013–2016 (Table 2). Of the three com-
ponents of dispersive flux, SSC′ was the only component to
increase from WY 2009–2011 to WY 2013–2016. Timing of
SSC′with respect to tidal phase and water velocity was similar
fromWY 2009–2011 toWY 2013–2016 (Fig. 2). Tidal phase
averaging of SSC′ indicates that net landward dispersive flux
is driven by asymmetries in water level between slack after
flood and slack after ebb tides. SSC and SSC′ throughout
much of the flood tide is elevated with respect to the onset
of ebb tide because resuspended shoal sediment seaward of
Dumbarton Bridge has been concentrated into the channel on
the previous ebb tide and because of increased wind-wave
resuspension during low water after ebb tide (Lacy et al.
1996). Net landward sediment flux at Dumbarton Bridge is
consistent with bathymetric analyses by Jaffe and Foxgrover
(2006) and Bearman et al. (2010) that indicated that shoals
north of Dumbarton Bridge were net erosional and shoals in
LSB were net depositional from 1956 to 2005.

Fig. 7 Time series of tidally filtered water density at Dumbarton Bridge,
San Mateo Bridge, and Alcatraz Island, freshwater inflow volume from
the Sacramento-San Joaquin Delta and Lower South Bay tributaries, and
FR computed from tidally filtered salinity at the upper sensor at San
Mateo Bridge. At Dumbarton Bridge and San Mateo Bridge two sensor
elevations are occupied, only data from the upper sensors at Dumbarton
Bridge and San Mateo Bridge are shown as data from the lower sensors
plot near data from the upper sensors. Salinity and temperature

monitoring at Dumbarton Bridge was intermittent in water year (WY)
2009–2011. Note that at the onset of freshwater inflow from the Delta,
that is during the rising limb, negative (i.e., landward decreasing) density
gradients weaken for 1 to 3 weeks but subsequently recover and strength-
en during the falling limb. Only FR from the upper sensor at San Mateo
Bridge is shown because salinity monitoring at Dumbarton Bridge was
intermittent in WY 2009–2011. FR from Dumbarton Bridge and San
Mateo Bridge exhibit very similar variability.
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Net-landward dispersive flux is somewhat surprising
b e c a u s e p a s t s t u d i e s ( S c h o e l l h amme r 19 96 ;
Schoellhamer et al. 2007; Crauder et al. 2016) and current
monitoring (Buchanan et al. 2018) all indicate SSC in-
creases landward in South Bay. Analysis of δSSC/δx at
Dumbarton Bridge, estimated by fitting SSC over
Lagrangian coordinates computed between slack tides, in-
dicates that δSSC/δx is positive (i.e., landward increasing)
for 88% of the tides from WY 2009 to 2011 and WY

2013 to 2016. Increases in the availability of sediment
in the main tidal channel on flood compared with ebb tide
coupled with a flood-positive settling lag (Chernetsky
et al. 2010) is thought to drive net-landward dispersive
flux counter to the positive δSSC/δx. The flood-positive
settling lag is driven by tidal inlet hydrodynamics that
induce a flood-asymmetry in U’ and enhanced by larger
suspended-sediment settling velocity on flood tides
(Livsey et al. 2020).

a b

c d

Fig. 8 a,b Monthly median along-channel density gradients by water
year (WY) defined between the upper sensor at San Mateo Bridge and
Alcatraz Island. Monthly median along-channel density gradients defined
between Dumbarton Bridge and Alcatraz Island and Dumbarton Bridge

and SanMateo Bridge exhibit the same seasonal pattern in along-channel
density gradients shown. c,d Monthly median wind-speed measured at
Redwood City, CA, by WY (NOAA Station 9414523; Fig. 1)
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Conceptual Model of Lower South Bay Sediment Flux

The increase in SSC, SSC′, and landward dispersive flux that
drove increased landward sediment flux at Dumbarton Bridge
in WY 2013–2016 was likely not from increases in wind
speed and tributary fluxes because wind speed decreased in
South Bay from 1995 to 2015 (Bever et al. 2018) and tributary
fluxes decreased in WY 2014–2016 (Table 2). An increase in
shoal-sediment erodibility is not expected to have driven the
increase in SSC and SSC′ because no mechanism is known to
increase shoal sediment erodibility during all months (Fig. 5).

The increase in SSC, SSC′, and landward dispersive flux is
hypothesized to be driven by (1) enhanced shoal-to-channel
sediment flux caused by decreased freshwater inflow from the
Delta that enhanced positive δρ/δy and channelward cross-
channel exchange flow and (2) increased convergence of
South Bay sediment landward of San Mateo Bridge in the
dry season. Enhanced shoal-to-channel sediment flux and
convergence of sediment landward of San Mateo Bridge in-
creases the availability of sediment in the main tidal channel
whereupon the flood-asymmetry in water velocity drives net-
landward dispersive flux.

Conceptually, during wet years (maximum annual FR >
0.56; Fig. 9b), the volume of freshwater entering South Bay
is sufficient to replace saline water on the shoals, thus reduc-
ing or inverting positive δρ/δy (e.g., McCulloch et al. 1970;

Powell et al. 1989; Huzzey et al. 1990) and decreasing shoal-
to-channel sediment flux (Lacy et al. 2014). During dry years
(maximum annualFR < 0.56; Fig. 9b), freshwater is more con-
fined to the main tidal channel and salinity on the shoals re-
mains elevated, thus increasing the positive shoal-to-channel
δρ/δy (e.g., McCulloch et al. 1970; Powell et al. 1989; Huzzey
et al. 1990) and increasing the shoal-to-channel sediment flux
(Lacy et al. 2014). In addition, in WY 2014–2016 density at
SanMateo Bridge exceeded density at Alcatraz Island in sum-
mer months (Fig. 7). Landward along-channel exchange flow,
between San Mateo Bridge and LSB during these conditions,
counteracts net-seaward wind-driven advective flux in the
main channel and is thought to induce convergence of sedi-
ment south of San Mateo Bridge (Largier et al. 1997). Below
we expand the above hypothesis to a conceptual model that
further explains seasonal changes in LSB sediment flux be-
tween the dry season (July–September; Fig 10a), wet season
(October–February; Fig 10b), and spring (March–June; Fig.
10c, d).

During the dry season the magnitude of negative δρ/δx and
positive δρ/δy, induced by freshwater inflow during the pre-
ceding wet season, approaches zero (Fig. 10a) (Figs. 8a, c,
10a; Powell et al. 1989; Lacy et al. 2014). Landward along-
channel exchange flow is at a minimum, while persistent di-
urnal winds (Fig. 8c, d) from the northwest induce barotropic
circulation that drives net-landward advective flux over the

a b

Fig. 9 a Comparison of maximum annual FR at San Mateo Bridge to
model results from van Kempen (2017). Salinity data from San Mateo
Bridge was utilized to estimate FR because salinity monitoring at
Dumbarton Bridge was intermittent in water year (WY) 2009–2011.
The regression shown only utilized FR estimates from this study.
Dashed, red lines indicate 95% prediction confidence intervals. A log-
linear model was expected because freshwater inflow from the

Sacramento San-Joaquin Delta (Delta) exhibits log-linear relationship
with salinity throughout the San Francisco Estuary (Shellenbarger and
Schoellhamer 2011). b Maximum annual FR at San Mateo Bridge com-
pared with net-annual suspended-sediment flux at Dumbarton Bridge.
Dashed, red lines indicate 95% prediction confidence intervals of linear
regression
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shoals and net-seaward advective flux in the main channel
(Lacy et al. 2014). During dry years, net-landward advective
flux in the main channel may be increased when salinity in
South Bay exceeds LSB and Central Bay salinity (i.e.,
negative δρ/δx from South Bay to LSB but positive δρ/δx
from Central Bay to South Bay; Fig. 7) and a landward
along-channel exchange flow between South Bay and LSB
counteracts barotropic circulation (Fig. 10a; Largier et al.
1997). Net sediment flux from the shoals to the channel is
enhanced when positive δρ/δy and channelward cross-
channel exchange flow develops from wind-induced cooling
of shoal water and/or increased wind-wave suspension on the
shoals driving increased-positive δSSC/δy (Lacy et al. 2014).

Although positive δρ/δy in the dry season are less than the
wet season, enhanced wind wave resuspension drives more
positive δSSC/δy and thereby enhanced shoal-to-channel sed-
iment flux (Figs. 10a; 9b, Lacy et al. 2014). Net-landward
dispersive flux at Dumbarton Bridge occurs due to increased
availability of sediment in the main tidal channel; however,
net-seaward barotropic flow in the main tidal channel may
reduce net-landward dispersive flux in the dry season by ad-
vection of shoal-derived sediment in the main tidal channel
seaward from LSB (Fig. 10a). The seasonal reduction of net-
landward sediment flux at Dumbarton Bridge in the dry sea-
son (Fig. 4) is thought to be from reduced shoal-to-channel
fluxes as freshwater in the main-tidal channel is replaced by
saline ocean-derived water (Fig. 7), and positive δρ/δy, devel-
oped during preceding wet season, decrease. Deposition of
sediment on the shoals is expected to increase later in the
dry season as diurnal winds persist but positive δρ/δy and
shoal-to-channel fluxes decrease.

In the wet season, during the falling-limb of the
hydrograph, freshwater inflow from the Delta induces more
negative δρ/δx (Figs. 7, 8c, d), and conceptually, positive δρ/
δy would reach an annual maximum (e.g., Lacy et al. 2014;
Fig. 10b). With the onset of freshwater inflow from the Delta,
δρ/δx can become positive and drive net-seaward sediment
flux from LSB with the inversion in typical density gradients

occurring on time-scales of days to a few weeks (Fig. 7;
Gostic 2018). Reduced wind speeds (Fig. 8c, d) and variable
wind direction result in negligible barotropic circulation
(Brand et al. 2010; Lacy et al. 2014). Negative δρ/δx induces
landward along-channel exchange flow in the channel and a
net-seaward advective flux on the shoals; however, landward-
directed dispersive flux from enhancedwind-wave suspension
during low water is expected to maintain net-landward sedi-
ment flux on the shoals (Lacy et al. 1996). Positive δρ/δy is
expected to reach an annual maximum because freshwater
inflow from the Delta is preferentially dispersed along the
main tidal-channel and salinity on the shoals has reached an
annual maximum in the preceding dry season. Although pos-
itive δρ/δy are at an annual maximum, shoal-to-channel fluxes
in the wet season are smaller than the dry season because of
reduced wind wave resuspension and decreased positive
δSSC/δy (Fig. 10b; Lacy et al. 2014). That said, increased
net-landward sediment flux at Dumbarton Bridge compared
with the dry season is expected because landward along-
channel exchange is not counteracted by barotropic residual
circulation.

In the spring months (March–May) the magnitude of neg-
ative δρ/δx is at a maximum (Fig. 8a, b) and landward ex-
change flow reaches an annual maximum (Fig. 10c, d), while
δρ/δy depends on the volume of the wet-season freshwater
inflow from the Delta (McCulloch et al. 1970; Powell et al.
1989). Springtime sediment flux at LSB is expected to be net-
landward in dry years (FR < 0.56;Fig. 10c) and net-seaward in
wet years (FR > 0.56; Fig. 10d). Increased wind-speeds in the
spring months increase positive δSSC/δy but the sign of net
dispersive flux is thought to be affected by δρ/δy that influ-
ences the supply of sediment in the main tidal channel sea-
ward of Dumbarton Bridge. In spring of dry years (Fig. 10c),
greater positive δρ/δy and increased shoal-to-channel fluxes
are expected (Powell et al. 1989; Huzzey et al. 1990; Lacy
et al. 2014). However, in spring of wet years (Fig. 10d), small-
er positive or negative δρ/δy are expected (Powell et al. 1989;
Huzzey et al. 1990; Lacy et al. 2014). In wet years with re-
duced positive and/or negative δρ/δy, shoal-to-channel fluxes
are reduced. Presumably, decreased positive δρ/δy would re-
duce shoal-to-channel flux in LSB as well; however, because
shoals in LSB are narrower and shallower than shoals in South
Bay, shoal-to-channel fluxes in LSB are expected to be less
sensitive to changes in δρ/δy than shoals in South Bay.
Reduced availability of sediment in the main tidal channel
on flood tides allows the persistent positive δSSC/δx to drive
net-seaward dispersive flux for several months (e.g., WY
2011 March to September; Fig 4a).

The above conceptual model explains why negative δρ/δx
for most months is correlated with decreased landward sedi-
ment flux. δρ/δx is inversely related to δρ/δy but if the volume
of freshwater inflow from the Delta is sufficient to replace the
majority of South Bay water, positive δρ/δy will decrease and

�Fig. 10 Conceptual model of South Bay and Lower South Bay
suspended-sediment flux in the dry season (a; July–September), wet sea-
son (b; October–February), and spring (c,d; March–June). Along-channel
(x, landward positive) and cross-channel (y, landward positive) density
gradients are denoted by δρ/δx and δρ/δy, respectively. δSSC/δx is the
along-channel SSC gradient at Dumbarton Bridge. δSSC/δy is the cross-
channel SSC gradient from the main tidal channel to the shoals. δρ/δx in
all panels except panel a is defined between Lower South Bay and Central
Bay. In the dry season (a), salinity in South Bay may exceed salinity in
Lower South Bay and Central Bay (e.g., Fig. 7), resulting in negative δρ/
δx landward of the more saline region in South Bay, and positive δρ/δx
seaward of the more saline region. The length of arrows indicates the
magnitude of the along-channel exchange flow (blue arrows), baroclinic
circulation (red arrows), and net sediment flux (green arrows). The num-
ber of white “plus signs” indicates relative salinity

986 Estuaries and Coasts  (2021) 44:972–990



may become negative. The model also provides an explana-
tion why net-landward sediment flux increased in WY 2014–
2016 by 345% when sediment flux from local tributaries de-
clined by 75% (Table 2). We note that the onset of wet-season
conditions, primarily determined by the onset of freshwater
inflow from the Delta, varies by WY (e.g., WY 2014, Figs. 7,
8b). With the onset of freshwater inflow from the Delta de-
layed, and barotropic residual circulation at a minimum from
October to February, net-landward advective flux in the main
channel induced by salinity in South Bay exceeding salinity in
Central Bay and LSB would enhance transport of sediment
into LSB. The above analysis suggests that at least in dry
years, the primary source of sediment to LSB is from South
Bay shoals. Because the eastern shoal of South Bay is much
broader than the western shoal (5–10 km versus 2–5 km; Fig.
1), the eastern shoal is expected to provide more sediment to
LSB. In relatively wet years (e.g., WY 2010), sediment flux
from Alameda Creek may be an important source of sediment
to LSB as well (Fig. 1; Table 2). Additional monitoring and/or
modeling of salinity, temperature, and SSC on the shoals of
South Bay could be used to test the above conceptual model.

We focus the above discussion on freshwater inflow from
the Delta because past studies indicate freshwater inflow from
the Delta is the primary driver of δρ/δx and δρ/δy in the SFE
(McCulloch et al. 1970; Shellenbarger and Schoellhamer
2011; Pubben 2017; Gostic 2018). Conceptually, freshwater
inflow from LSB tributaries would have a similar, albeit
smaller, influence on δρ/δx and δρ/δy. However, note that
freshwater from Alameda Creek could have a significant im-
pact on δρ/δy as freshwater from the tributary discharges im-
mediately onto the eastern shoal of Sough Bay (Fig. 1).
Additional monitoring and modeling of water density on the
eastern shoal of South Bay could elucidate if the correlation
between freshwater inflow from LSB tributaries and annual
sediment flux (Fig. 6) is causal or simply driven by the corre-
lation between freshwater inflow from the Delta and LSB
tributaries on monthly timescales (R2 = 0.69; p = 0.11). That
said, changes in timing, magnitude, and duration of freshwater
inflow between LSB and South Bay tributaries and the Delta
may be important to consider for other years.

Implications for Lower South Bay Tidal-marsh
Restoration

Using net-annual sediment flux estimates, LSB basin-wide
sediment accumulation rates can be estimated using a bulk
density (617 kg/m3; the mean bulk density of 7 cores
collected in South Bay; Caffrey 1995; Love et al. 2003) and
area of the basin (34 km2 at mean tide level; Hager and
Schemel 1996). For WY 2009, 2010, and 2011 basin-wide
sediment accumulation rates were 12 ± 3 mm, 11 ± 3 mm,
and − 7 ± 1 mm, respectively; with the negative value in 2011,
the wettest year from WY 2009 to 2016, indicating erosion.

For WY 2014, 2015, and 2016 basin-wide sediment accumu-
lation rates were 28 ± 7 mm, 30 ± 11 mm, and 15 ± 4 mm,
respectively. The average sediment flux and basin-wide sedi-
ment accumulation rate fromWY 2009 to 2011 andWY 2014
to 2016 were 311 kt/year and 15 mm/year, respectively. An
average basin-wide sediment accumulation rate of 15 mm/
year from WY 2009 to 2011 and WY 2014 to 2016 is close
to a previously published average accretion rate from 1983 to
2005 in LSB, based on bathymetric surveys, of 20 mm/year
(Jaffe and Foxgrover 2006).

WY 2009–2010 and 2014–2015 basin-wide sediment ac-
cumulation rates are above measured mean sea level rise of
2.17 mm/year at the Golden Gate (Flick et al. 2003) suggest-
ing that accretion can keep up with current rates of mean sea
level rise. However, Cayan et al. (2008) projected a maximum
sea level rise of 1.24 m in the SFE from 2000 to 2100 or a
mean rate of 12.4 mm/year, near the basin-wide sediment
accumulation rates observed during WY 2009–2011.
Sediment flux into LSB is greater than previously computed
by Shellenbarger et al. (2013), indicating that more sediment
is available for stabilizing tidal channels, mudflat accretion,
and marsh accretion and that tidal marshes of LSB may be
more resilient to sea level rise than previously thought. That
said, the response of tidal marshes to sea level rise is a com-
plex interaction of hydrodynamics, geomorphology, ecology,
and climate that should be evaluated locally (D’Alpaos et al.
2007; Fagherazzi et al. 2012; Kirwan et al. 2016).

If the increase in net-landward sediment flux at LSB from
WY 2014 to 2016 was driven by increased shoal-to-channel
fluxes in South Bay, less sediment may have been delivered to
portions of the South Bay Salt Pond Restoration Project sea-
ward of LSB (Fig. 1). Additional, contemporaneous monitor-
ing of accretion and shoal-to-channel fluxes in South Bay and
LSB could be used to ascertain how shoal-to-channel fluxes in
South Bay and LSB interact and impact accretion throughout
the South Bay Salt Pond Restoration Project.

Broader Implications

The linkage of LSB sediment flux to freshwater inflow from
the Delta is consistent with past studies in the SFE
(McCulloch et al. 1970; Conomos et al. 1985; Walters et al.
1985; Largier et al. 1997; Kimmerer 2002; Gostic 2018) and
with circulation characteristics of “low-inflow” estuaries that
are highly sensitive to changes in freshwater inflow (Largier
et al. 1997; Schettini et al. 2017). The linkage of LSB sedi-
ment flux to freshwater inflow from the Delta (Figs. 6a, 9b)
may indicate LSB sediment flux can be affected by changes in
water use and/or changes in flow magnitude and timing from
the Sierra Nevada expected this century (Knowles and Cayan
2002).

The proposed relationship between LSB sediment flux and
the volume of freshwater inflow from the Delta is primarily
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owing to the channel-shoal bathymetry of South Bay. For
estuaries exhibiting channel-shoal bathymetry, a similar sen-
sitivity of shoal-to-channel sediment flux to freshwater inflow
volume may occur. The importance of δρ/δy on shoal-to-
channel sediment flux is expected to increase as shoal width
exceeds the cross-channel tidal excursion. Furthermore, be-
cause the cross-channel tidal excursion on shoals varies with
shoal-depth, changes in the sensitivity of shoal-to-channel
sediment flux to cross-channel density may result in conver-
gence of sediment in some portions of the estuary and diver-
gence of sediment in other portions.

Conclusions

Suspended-sediment flux at the boundary of a subembayment
in San Francisco Estuary over 6 years is analyzed to under-
stand controlling factors and investigate the impacts of the
recent drought in California. During the recent drought in
California from water year (WY) 2013 to WY 2016, transport
of sediment into Lower South Bay, the southernmost
subembayment of San Francisco Estuary, increased by
345% relative to WY 2009–2011 from 114 to 429 kt/year.
This follows previous observations in Lower South Bay that
found during wetter years sediment flux into Lower South
Bay decreased, while during drier years sediment flux into
Lower South Bay increased. The increase in net-landward
sediment flux in WY 2014–2016 occurred as sediment fluxes
from local tributaries declined by 75% from 209 kt/year in
WY 2009–2011 to 51 kt/year in WY 2014–2016.

An increase in shoal-to-channel sediment flux from en-
hanced cross-channel density gradients is thought to have
caused the increase in net-landward sediment flux in WY
2014–2016. During the drought, decreased freshwater inflow
resulted in reduced mixing between the main tidal-channel
and extensive shoals. Because freshwater inflow is concentrat-
ed in the main tidal channel relative to the shoals, owing to a
larger tidal excursion in the main channel, freshwater inflow
initially enhances cross-channel density gradients and shoal-
to-channel sediment flux. However, if the volume of freshwa-
ter inflow replaces approximately more than one-half of the
volume of freshwater in the main channel, the cross-channel
density gradient is reduced as more-saline shoal water is re-
placed by incoming freshwater. Although sediment flux into
Lower South Bay is dominated by tidal dispersion, changes in
shoal-to-channel advective flux driven by changes in the
cross-channel density gradient determine the direction of net
sediment flux. When shoal-to-channel sediment flux reduces,
a persistent landward-increasing suspended-sediment concen-
tration gradient induces net-seaward sediment flux from
Lower South Bay. When shoal-to-channel sediment flux in-
creases, increased availability of sediment in the main tidal
channel along with a flood-asymmetry in water velocity

counteracts the persistent landward-increasing suspended-
sediment concentration gradient and induces net-landward
sediment flux into Lower South Bay

Additional observational-based studies and modeling of
sediment flux on South Bay shoals could be used to confirm
the links between freshwater inflow from the Sacramento-San
Joaquin Delta, shoal-to-channel sediment flux, and Lower
South Bay sediment flux. If confirmed, forecast estimates of
freshwater inflow from the Sacramento-San Joaquin Delta
may need to be included in tidal marsh sustainability studies
that aim to estimate future sediment supply for tidal marshes
of Lower South Bay and possibly South Bay. For estuaries
exhibiting a channel-shoal bathymetry, with shoal width ex-
ceeding the cross-channel tidal excursion, a similar sensitivity
of cross-channel sediment flux to freshwater inflow may
occur.
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