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Abstract

Annual suspended-sediment flux estimates through Carquinez Strait (the seaward boundary of Suisun Bay, California) are provided based on
surrogate measurements for advective, dispersive, and Stokes drift flux. The surrogates are landward watershed discharge, suspended-sediment
concentration at one location in the Strait, and the longitudinal salinity gradient. The first two surrogates substitute for tidally averaged discharge
and velocity-weighted suspended-sediment concentration in the Strait, thereby providing advective flux estimates, while Stokes drift is estimated
with suspended-sediment concentration alone. Dispersive flux is estimated using the product of longitudinal salinity gradient and the root-mean-
square value of velocity-weighted suspended-sediment concentration as an added surrogate variable. Cross-sectional measurements validated the
use of surrogates during the monitoring period. During high freshwater flow advective and dispersive flux were in the seaward direction, while
landward dispersive flux dominated and advective flux approached zero during low freshwater flow. Stokes drift flux was consistently in the
landward direction. Wetter than average years led to net export from Suisun Bay, while dry years led to net sediment import. Relatively low
watershed sediment fluxes to Suisun Bay contribute to net export during the wet season, while gravitational circulation in Carquinez Strait
and higher suspended-sediment concentrations in San Pablo Bay (seaward end of Carquinez Strait) are responsible for the net import of sediment
during the dry season. Annual predictions of suspended-sediment fluxes, using these methods, will allow for a sediment budget for Suisun Bay,
which has implications for marsh restoration and nutrient/contaminant transport. These methods also provide a general framework for estimating
sediment fluxes in estuarine environments, where temporal and spatial variability of transport are large.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Sediment supply to a subembayment of an estuary is deter-
mined by watershed sediment input and the sediment ex-
change with adjacent embayments. Sediment supply is
a critical variable for investigations of habitat stability, resto-
ration potential, and contaminant fate/transport. Suspended-
sediment is needed to create and sustain valuable estuarine
habitats such as tidal wetlands (Zedler and Callaway, 2001;
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Pont et al.,, 2002; Reed, 2002; Temmerman et al., 2003),
though sediment-associated contaminants can also accumulate
wherever sediment preferentially deposits (Hornberger et al.,
1999; Arzayus et al., 2002; Taylor et al., 2004). In addition,
nutrients and biota accumulate near estuarine turbidity max-
ima (ETM), where high suspended-sediment and contaminant
concentrations are found (Peterson et al., 1975; Jassby and Po-
well, 1994). Enhanced biological activity in these areas may
increase contaminant uptake by the food web (Kimmerer
et al., 1998).

These issues converge in Suisun Bay, California (Figs. 1
and 2). Over 90% of marsh area has been lost in San Francisco
Bay since the 19th century, and current management goals
in Suisun Bay include marsh restoration. Deposited sediment
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Fig. 1. San Francisco Bay and Sacramento/San Joaquin River Delta. Suisun Bay is the landward-most subembayment of the estuarine system, and receives the

majority of its water from the Delta.

in Suisun Bay is thought to be high in mercury concentrations
due to 19th century gold mining in the watershed (Hornberger
et al.,, 1999), leading to concerns about resuspension of
these deposits over long timescales (>10 yr). Cappiella et al.
(1999) show net erosion in Suisun Bay since the first

122° 15'

bathymetric surveys in the 19th century. The net sediment
budget of Suisun Bay in the current era may shed light on
the viability of habitat restoration as well as the magnitude
of mercury introduction to the water column. In order to
quantify this sediment budget, sediment flux at the landward
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Fig. 2. Suisun Bay outline and bathymetry. Sites Mal and Met are situated at the confluence of the Delta and Suisun Bay. Sites NBen and SBen occupy piers of the

Benicia Bridge, landward of Carquinez Strait, which then leads to the expanse

of San Pablo Bay.
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and seaward boundaries of the subembayment must be
determined.

Estimating sediment flux in estuaries can be complicated by
the large range of tidal and riverine forcing. Spring and neap
tides combined with periods of varying freshwater flow can in-
troduce lateral and vertical variability of suspended-sediment
concentrations (SSC) and water velocity. These variations
can be induced by salinity gradients, bathymetric forcing,
and secondary circulation (Ridd et al., 1998; Blanton et al.,
2003). Suisun Bay, as the landward-most subembayment of
San Francisco Bay, is subject to variable freshwater flow as
well as semi-diurnal tides. The seaward boundary of Suisun
Bay is Carquinez Strait, which is approximately 1 km wide
and has a maximum depth of 40 m. Formation of an ETM
has been noted in Carquinez Strait (due to a sill between Car-
quinez Strait and Suisun Bay; Jay and Musiak, 1994; Schoell-
hamer, 2001a), while density stratification has been
documented during periods of high and low freshwater flow.
The presence of a bend in Carquinez Strait may complicate
hydrodynamic conditions.

Proper estimation of suspended-sediment flux through Car-
quinez Strait must account for the entire cross-section. While
monitoring a large cross-section is both physically and finan-
cially impossible over the necessary time-frames, it may be
possible to identify surrogate data that can be continuously
monitored. The use of surrogates in estuaries has previously
been explored; Uncles et al. (1998) suggested the use of salin-
ity as a proxy for the location of the turbidity maximum in the
Humber—Ouse Estuary, while Warner et al. (2005) used fresh-
water flow as a surrogate for the longitudinal salinity distribu-
tion in the tidal Hudson River. Allen (1990) highlighted the
limitations of using marsh accretion rates as a surrogate for
sea-level rise, as system characteristics may change over time-
scales longer than the detailed study periods. In this study, we
occupied portions of the channel with autonomous equipment
for 3 months, and calibrated those data to tidal-cycle cross-
sectional measurements. The results from the 3-month deploy-
ment were extrapolated to quantify fluxes over water year
2004, and other years when surrogate data were available.

2. Field observations
2.1. Site description

Suisun Bay spans from the Sacramento/San Joaquin River
Delta (Delta) at the landward end to Carquinez Strait at the
seaward end. Over one-half of the bay is shallower than 5 m
at mean-lower-low-water (MLLW), though numerous deep-
water (>10 m) channels run longitudinally through the bay.
Two large shallow areas, Grizzly and Honker Bays, lie on
the northern edge of the main channels. Maximum depths in
Carquinez Strait approach 40 m. The landward end of Carqui-
nez Strait immediately bifurcates at the boundary of Suisun
Bay. The northern half of the channel continues northeast
into the Reserve Fleet channel and terminates in Grizzly
Bay, while the southern half of the channel runs east-northeast

along the southern edge of the bay. The two channels are sep-
arated by a shallow bar that is partially exposed at low tide.

Freshwater inflow from the Delta is mainly controlled by
reservoir releases and water operations within the Delta, and
maximum flows are typically in the winter months. Flow is
managed to keep the 2-psu isohaline seaward of the Delta dur-
ing the low-flow season (~May—November). Semi-diurnal
tides cause currents exceeding 1 m/s, with a maximum spring
tide range in excess of 2 m.

The existing conceptual model (Krone, 1979) suggests that
suspended-sediment transport within Suisun Bay follows a sea-
sonal cycle: the majority of suspended-sediment is delivered
through the Delta during the large, winter freshwater flows,
creating a large pool of erodible sediment within the channels
and shallows. During the following summer months reliable
onshore winds generate wind-waves, resuspending bed sedi-
ments in the shallows for transport by tidal currents. Sediment
is most likely transported away from high energy areas (e.g.
mudfiats, shallow off-channel areas) to lower-energy areas
(e.g. continental shelf, marinas, deep channels, marsh sur-
faces). As the summer progresses, the finer fraction of this
erodible pool is reduced. In the fall, when neither wind nor
freshwater flow is significant, SSC is at its lowest. As the
wet season commences during winter, the cycle repeats itself.
Following this model, it has been assumed that Suisun Bay is
depositional in the winter, and erosional in the summer.

Previous studies (Burau et al., 1993; Schoellhamer and
Burau, 1998) have identified gravitational circulation within
Carquinez Strait, especially when the longitudinal salinity gra-
dient is at a maximum. This helps sustain an ETM that forms
at the eastern (landward) end of the strait, due to a sharp
bathymetric change. This “sill”’, which decreases the depth
from 18 m to 11 m, forms a landward control on the gravita-
tional circulation and therefore the ETM (Jay and Musiak,
1994; Schoellhamer, 2001a). Deposition in Carquinez Strait
is greatest during neap tides when vertical mixing is mini-
mized and the water column may become stratified. The fol-
lowing spring tides are then able to resuspend the erodible
bed sediment and mix the water column. The presence of
a bend within channels typically induces secondary circulation
patterns. The combination of secondary circulation, density
gradients, and bathymetric effects suggests that Carquinez
Strait will have a complex cross-sectional pattern of SSC
and water velocity. The study was carried out during the
spring—summer transition, when the longitudinal salinity gra-
dient should span from its minimum to maximum, and cross-
sectional variability may be the most complicated.

2.2. Methods

2.2.1. Spring monitoring period

The U.S. Geological Survey established a continuous mon-
itoring site in the north channel, on the Benicia Bridge in 1997
(site NBen). This site consists of two conductivity, tempera-
ture, depth, and optical (nephelometric) sensor multiprobes,
at a near-bottom (lower) and a mid-depth (upper) elevation.
For this study, a second site was established and maintained
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from March 24, 2004 to July 9, 2004 in the south channel (site
SBen), also on the Benicia Bridge. Optical backscatter sensors
were deployed at the same vertical locations as the multip-
robes at site NBen. Fouling and debris interference can reduce
data yield from optical sensors, therefore all sensors were
cleaned and checked with known standards during site visits
(typically once every 3 weeks). Water samples were collected
to calibrate the optical sensor output to SSC (Buchanan and
Ganju, 2005). Therefore, the four sensors conceptually repre-
sent four quadrants of the cross-section: the upper and lower
water column of the north channel, and the upper and lower
water column of the south channel. The sampling interval
was 15 min for all parameters.

Water velocity measurements were collected using two
600 kHz upward-looking acoustic Doppler current profilers
(ADCPs), deployed on the bed 300 m seaward of the Benicia
Bridge, from March 28, 2004 to July 7, 2004: one in the north
channel, and one adjacent to the south channel. Both units
were programmed to sample at 10 min intervals, in 0.5 m ver-
tical bins. Total water depth was approximately 16 m at both
sites.

2.2.2. Tidal-cycle measurements

Ideally, the true velocity-weighted SSC can be represented
by some combination of the SSC values in the four quadrants
represented by the four optical sensors. Velocity-weighted
SSC in a cross-section is calculated as:

~ Juc dA

SSC, = Tu dA

(1)

where A is channel area, u and c¢ are velocity and suspended-
sediment concentration, respectively, with:

u=ul+u (2)

c=lc]+¢ (3)

Brackets indicate a spatial average value and the prime in-
dicates the spatially fluctuating portion. Egs. (2) and (3) refer
to spatial measurements in the cross-section. If only the spatial
average SSC was used (without velocity weighting), the result
would ignore the contribution of the non-zero product of u'c’
(spatial correlation between velocity and concentration fluctu-
ations). The product of SSC, and total water discharge (de-
nominator of Eq. (1)) gives total instantaneous sediment
flux. Conceptually, if the SSC was not velocity-weighted,
then the flux contribution of stagnant water parcels with
high SSC would be overestimated, while swift moving parcels
with low SSC would be underestimated.

Calibration of the weighting for each of the four quadrants
is required because the relative contribution of each quadrant
to SSC,, is unknown. Calibration of weights can be accom-
plished by performing cross-sectional surveys of velocity
and SSC. SSC, can be regressed against the quadrant SSC
values, to infer the proper weights for each quadrant. Because
obtaining these data is labor-intensive, they are usually col-
lected over short time-frames (<30h). It was determined

that tidal-cycle surveys during a spring and neap tide would
be sufficient to characterize variability, based on inspection
of previous SSC records at both sites.

Detailed measurements of velocity and SSC were under-
taken to estimate SSC,. Tidal-cycle measurements on June
29, 2004 and July 7, 2004 coincided with neap and spring
tides, respectively. Velocities were measured using a boat-
mounted 600 kHz ADCP that traversed the channel (1200 m
width) every 10—15 min. Conductivity, temperature, depth,
and turbidity were measured using a Seabird SBE19plus
(any use of trade, product, or firm names is for descriptive pur-
poses only and does not imply endorsement by the U.S. Gov-
ernment) profiling package, deployed from another vessel.
This vessel crossed Carquinez Strait every 30—45 min, profil-
ing at 12 nodes in the cross-section. The package was lowered
and raised at 1 m/s, sampling at 4 Hz, resulting in a vertical
sampling density of 0.25 m. From this same vessel, water sam-
ples were collected with a Van Dorn sampler and analyzed for
SSC. The corresponding turbidity output from the nearest ver-
tical location and time of the water sample was related to the
actual SSC to generate a turbidity-SSC calibration curve. Tur-
bidity output was then converted to SSC using this calibration
curve.

All Seabird profiling data were interpolated spatially and
temporally to the same transect path, vertical bins, and times
of the ADCP measurements. Final interpolated grids were
cross-checked with the original Seabird profiles to ensure
that errors were not generated in the interpolation process.
Therefore, each velocity measurement has a corresponding in-
terpolated SSC value, and SSC,, is calculated using Eq. (1).

2.2.3. Total channel discharge

Total channel discharge for the spring monitoring period
was computed via the index-velocity method (Simpson and
Bland, 2000). This requires a continuous surrogate for chan-
nel-average velocity, namely the index-velocity. The bottom-
mounted north channel ADCP provided the index-velocity
(depth-averaged velocity). Ideally, both bottom-mounted
ADCPs would be considered, but the south channel ADCP
data were corrupted and unusable after the unit was tipped
over (May 30, 2004). The index-velocity is compared to the
channel-average velocity obtained during the tidal-cycle mea-
surements, to provide a rating curve. This curve is then applied
to the continuous index-velocity measurements, generating
a full time-series of channel-average velocity. Cross-sectional
area is computed using the geometry of the cross-section (pro-
vided by ADCP measurements), and a stage—area relation-
ship. Continuous stage was measured by the California
Department of Water Resources at Martinez. Continuous, in-
stantaneous discharge is calculated as the product of chan-
nel-average velocity (obtained from the index-velocity
rating) and cross-sectional area (via the stage—area
relationship).

2.24. Residual suspended-sediment flux calculation
The decomposition of the total constituent flux is given by
Dyer (1974). Lateral and vertical variations of SSC in the
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channel can be ignored because SSC,, is assumed to account for
cross-sectional variability. Thus, the flux equation reduces to:

[F] = [U][A][SSC,] + U'[A][SSC,] + [U]A'[SSC,]
+ U'A'[SSC,] + [U][A]SSC,, + U'[A]SSC,
+ [UJA'SSC,, 4 U'A'SSC., (4)

where [F] is the total discharge weighted residual suspended-
sediment flux, U is the channel-average velocity, A is the chan-
nel area, and SSC, is the velocity-weighted SSC. Brackets
denote a tidally averaged value, while the prime indicates
the temporal deviation of the instantaneous value from the tid-
ally averaged value (Egs. (2) and (3)). Tidal averaging was
performed using a low-pass Butterworth filter with a cutoff
frequency of 1/30 h~'. The filter was applied in the forward
and reverse directions to minimize anomalies at the endpoints
of the record.

Typically, the advective and dispersive flux terms (Eq. (4),
terms 1 and 6, respectively) dominate total flux, while Stokes
drift (Eq. (4), term 4) contributes a minor portion. Advective
flux quantifies the contribution of mean discharge and mean
concentration (e.g. river flow), while dispersive flux represents
the correlation between velocity and concentration fluctua-
tions. Stokes drift accounts for the correlation of velocity
and area, which is landward for a progressive tidal wave.
The remaining terms are usually negligible.

2.2.5. Annual sediment flux estimation

Predicting fluxes in Carquinez Strait over a year or more
requires the use of surrogate measurements that are simpler
to obtain than the labor-intensive measurements detailed
above. The available surrogates that are continuously mea-
sured are QWEST (combined discharge from four sites within
the Delta; Oltmann, 1998), and lower SSC at site NBen
(Buchanan and Ganju, 2005). Upper SSC was not used due
to a lower data return. An additional surrogate that delineates
the high-flow from the low-flow regime is the difference in sa-
linity between Carquinez Strait and Mallard Island (longitudi-
nal salinity gradient; LSG), which can have a strong influence
on local hydrodynamics and sediment transport (Monismith
et al., 1996). The quantities that must be predicted are advec-
tive [U][A][SSC,], dispersive U'[A]SSC,, and Stokes drift flux
U'A’'[SSC,]. The relationship between calculated fluxes and
the surrogate variables will be investigated.

2.2.6. Yearly sediment budgets for Suisun Bay

Once the predictive capabilities outlined above are devel-
oped, they provide an estimate of net suspended-sediment
flux through the seaward boundary of Suisun Bay. Flux esti-
mates for the landward boundary of Suisun Bay are provided
by the methods of McKee et al. (in press). Combining the es-
timates from these boundaries yields a sediment budget for
Suisun Bay. Bedload transport and minor tributary sediment
fluxes are considered negligible (Porterfield, 1980). This sed-
iment budget does not include changes in storage caused by
dredging and sand mining.

3. Results
3.1. Spring monitoring period

Point SSC in the four quadrants was successfully measured
for the duration of the spring monitoring period, though foul-
ing and debris decreased the percentage of valid data (Fig. 3).
At site NBen, SSC data yield was 79% and 94% for the upper
and lower sensors, respectively. Data yield at site SBen was
64% and 91% for the upper and lower sensors, respectively.
SSC was elevated at all sites near the beginning of the record,
due to recent sediment supply from the Delta, overlapping
with a spring tide.

Inspection of the time-series data (Fig. 3) reveals substan-
tial lateral and vertical variability in SSC. At both sites,
mean SSC at the lower sensor was over twice that of the upper
sensor. On a tidal timescale, the water column was relatively
well-mixed on strong tides, though on weak flood and weak
ebb tides during increased freshwater flow (April 6—April
29, 2004), stratification was evident. The density stratification
during this time inhibited vertical mixing, and this stratifica-
tion was disrupted on the following strong tide. Laterally,
SSC at site SBen was maximum at flood tide, while site
NBen experienced elevated SSC on ebb tides as well. The
north channel is directly connected on the landward side to
the expanse of Grizzly Bay, which has elevated SSC following
spring runoff (Krone, 1979; Warner et al., 2004), while the
south channel is not directly connected to any shallow
embayments.

Velocity data at site NBen were obtained for the entire de-
ployment, while the instrument at site SBen was tipped over
on May 30, 2004, leading to a loss of the data for the remain-
der of the deployment. Velocity data at site NBen show
a marked ebb-dominance, while the flood-dominance at site
SBen is pronounced in the lower water column.

3.2. Tidal-cycle measurements

The tidal-cycle, cross-sectional measurements validate the
large lateral and vertical variability observed in the time-series
of point SSC. On early ebb tide, velocity in the northern half
of the channel led the southern half, which was still slightly
flooding. As the entire channel turned to ebb, SSC was great-
est on the northern edge of the channel (Fig. 4A). The transi-
tion from ebb to flood was characterized by increasing
landward velocity in the lower water column in the south
channel, while water in the north channel continued to ebb.
This led to a core of high velocity and maximum SSC near
the bottom of the south channel. As flood tide progressed,
the high velocity region began to spread laterally and verti-
cally. Maximum SSC was still found near the bottom in the
south channel, but suspended-sediment began to increase
near the bottom in the north channel as well (Fig. 4B).

SSC, ranged from 65 to 187 mg/L, at slack before ebb and
early flood tide, respectively. SSC data were interpolated to
the same location of velocity data, in order to calculate
SSC,, in the cross-section (Eq. (1)). Multiple linear regression
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was used for separate flood and ebb calibrations (Fig. 5A),
with lower sensor SSC at sites NBen and SBen as the indepen-
dent variables, and SSC, as the dependent variable. The
continuous time-series of SSC, (Fig. 6B) was created by

applying the flood and ebb regressions to the individual sensor
data. The SSC,, time-series retains the features from both
sensors, which capture the lateral variation in SSC between
flood and ebb tide.
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ing period.

3.3. Total channel discharge

The index-velocity method (Fig. 5, tiles B, C) provides con-
tinuous channel-average velocity and channel cross-sectional
area, and therefore continuous discharge (Fig. 6A). The accu-
racy of the discharge record was evaluated in comparison with
QWEST and Dayflow (California Department of Water Re-
sources, 2005), which suggested that the estimated discharge
had a slight flood bias (Qorigina» Fig. 7). Dayflow is an ideal-
ized, unidirectional flow value that is the net water balance
of all freshwater inputs and outputs to the Sacramento/San
Joaquin River Delta. Due to the large cross-sectional area at
the measurement site, a 1 cm/s flood bias in velocity is enough
to negate a freshwater flow of 180 m>/s, which is 50% of the
mean Dayflow magnitude during the spring monitoring period.
Therefore, QWEST and Dayflow were used as bounds to val-
idate a 1 cm/s (22% of RMS error; Fig. 5B) ebb-directed shift
of the velocity data to represent freshwater flow adequately.
Other possible sources and sinks of water were investigated,
including groundwater seepage and evaporation. Aquifer ex-
change in San Francisco Bay can be both upward and down-
ward, but maximum downward seepage rates are 0.55 m/yr
(Spinelli et al., 2002). Assuming this maximum seepage rate
over the entire area of Suisun Bay (169 million m?) yields
a water volume loss of 3 m*/s, which is negligible. Maximum
evapotranspiration rates in the area were 0.007 m/d; the prod-
uct of this vertical water loss and the area of Suisun Bay yields
a total volume loss of 14 m?/s, which is not enough to account
for the discrepancy. While the measurement of instantaneous
discharge is difficult in large cross-sections, a bias in flow
measurement at high-flows is negligible, and at low-flows
the advective water flux is minimal nonetheless. The bias
has no effect on dispersive fluxes, because the tidally averaged
trend in water discharge is subtracted when calculating that
quantity.

The time-series of instantaneous (Q) and tidally averaged
([Q)) discharge (Fig. 6A) demonstrate the tidal and subtidal
variability of discharge through Carquinez Strait. The mostly
positive (ebb-directed) magnitude of tidally averaged dis-
charge represents the net freshwater flow delivered through
the Delta. During low freshwater flow periods (Fig. 6A,
post-April 29, 2004), residual discharge is more influenced
by the spring/neap cycle, and meteorological effects such as
wind and barometric pressure (Tobin et al., 1995), though
it is still ebb-dominated due to continuous reservoir releases.
The direction of the residual discharge can turn landward
(Fig. 6A, June 3—7, 2004) during periods of sustained
onshore winds, though tidal forcing can also have a similar
effect.

3.4. Flux calculation

Advective, dispersive, and Stokes drift flux components
accounted for 98% of the total flux. Advective flux of sedi-
ment was predominantly in the seaward direction, while dis-
persive flux was mainly directed landward (as was Stokes
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Fig. 6. Tile (A) instantaneous (Q) and tidally averaged discharge ([Q]) in Carquinez Strait (shifted, see Fig. 7); (B) velocity-weighted suspended-sediment con-
centration, SSC,; and (C) total, advective, dispersive, and Stokes drift flux components. Positive values indicate seaward (ebb) transport, negative values indicate

landward (flood) transport.

drift). Exceptions did occur, however: dispersive flux turned
seaward during a period of sustained freshwater flow (April
9—19, 2004; Fig. 6, tiles A, C), and advective flux was di-
rected landward during a period of increased westerly winds
(June 3—7, 2004). After freshwater flow returned
to typical summer conditions (post-April 29, 2004), ad-
vective flux was minimal, while dispersive flux dominated
transport.

Advective flux by definition follows the residual water
flux, and increasing river flows usually correspond with in-
creasing advective flux. The Stokes drift flux is a direct
function of tidally averaged SSC,, and therefore was maxi-
mized when tidally averaged SSC, was a maximum. The
dispersive flux measures the correlation between tidal veloc-
ity fluctuations and SSC,, and the landward direction during
low-flow can be attributed to the coincident profiles of ve-
locity and SSC. Over the spring monitoring period, the di-
rection of residual near-bed velocity (from the upward-
looking ADCPs) was typically landward, while the direction
was seaward near the top of the water column; this is com-
monly known as gravitational circulation and has been pre-
viously identified in Carquinez Strait. Combining landward
residual near-bed velocity with high near-bed SSC (as com-
pared to low near-surface SSC) results in a net landward
flux of suspended-sediment in the Strait during low freshwa-
ter flow.

3.5. Annual sediment flux estimation

The first term of Eq. (4) is the advective flux, which is com-
posed of the product of [U][A] and [SSC,]. Estimating [U][A]
(advective water discharge) requires a surrogate measurement,
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and we use the continuously monitored, tidally averaged dis-
charge through the Delta (QWEST). Water losses between
the Delta and Carquinez Strait are assumed to be negligible,
as evaporation, groundwater input/output, and surface water
withdrawals are minimal. [SSC,] is replaced with the tidally
averaged lower SSC from site NBen, which is measured con-
tinuously. While the intratidal dynamics of SSC at site NBen
are different than the southern half of the channel (site
SBen), using the tidally averaged value avoids this discrep-
ancy. The product of QWEST and BenSSC yields a surrogate
for advective flux, which is regressed against the directly cal-
culated value to provide a calibration curve (Fig. 8A) and pre-
dictions for the spring monitoring period (Fig. 9B).

Estimating dispersive flux requires accounting for wet and
dry season dynamics. From the spring monitoring results, dis-
persive flux was seaward during periods of high seaward ad-
vective flux, but turned landward as freshwater flow and
seaward advective flux decreased. This transition occurred in
concert with the return of salinity to Suisun Bay. Therefore,
QWEST represents the wet season dynamics, while the salin-
ity in Suisun Bay represents the dry season dynamics. As one
regression variable we use the product of longitudinal salinity
gradient, LSG (salinity difference between Carquinez Strait
and Mallard Island), in Suisun Bay and an estimate of the fluc-
tuating suspended-sediment concentration, BenSSC,,, de-
fined as:

BenSSCym, = {(BenSSC’)Z] (5)

A multiple linear regression using the product
(LSG)(BenSSC,,,s) and the product (QWEST)(BenSSC, ;)
as independent variables is suitable for predicting dispersive
flux (Fig. 8B; Fig. 9C). Seaward dispersive flux is maximized
during high seaward advective flux and low salinity gradient
periods, while landward dispersive flux is maximized during
periods of low seaward (or significant landward) advective
flux, high salinity gradient, and high BenSSC,,.

The use of BenSSC,,, is preferred over BenSSC because
large flow events may raise BenSSC while the fluctuations
are minimal. In water year 2004, for example, a 4500 m’/s
freshwater flow event (February 20, 2004) raised BenSSC,
but BenSSC,,,,; was minimal. Therefore, dispersive flux should
be minimized at that time. Conversely, a 1700 m>/s flow event
(April 9, 2004) that coincided with a spring tide induced large
BenSSC, and large BenSSC,,,,. Increases in SSC due to wind-

Fig. 8. Comparison of fluxes obtained from measurements with developed
surrogates; (A) Linear regression of QWEST and lower SSC at site NBen
(BenSSC) product to advective flux; (B) multiple linear regression of RMS
value of lower SSC at site NBen (BenSSC,,s), QWEST, and longitudinal
salinity gradient (LSG) versus dispersive flux; and (C) lower SSC at site
NBen (BenSSC) to Stokes drift flux. Regression is extended to zero to avoid
seaward Stokes drift flux (regression b). Advective, dispersive, and Stokes drift
fluxes calculated during spring monitoring period (Fig. 5) were used to obtain
relationships that can be extended over all times where surrogates (QWEST,
site NBen SSC, longitudinal salinity gradient) are available, yielding advec-
tive, dispersive, and Stokes drift flux estimates over those same periods.
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wave resuspension in San Pablo Bay (which has extensive
shallow regions) are also accounted for by using BenSSCs.

Improved predictions of dispersive flux (% =0.70) were
achieved by allowing for an intercept or by decoupling
BenSSC,,,s from LSG, but the functionality of those relations
erroneously allow for large landward dispersive fluxes when
LSG is high and BenSSC,,s is at a minimum. Therefore,
goodness-of-fit is sacrificed for improved conceptual function-
ality. Stokes drift flux is adequately predicted using BenSSC
alone as a surrogate for [SSC,] in Eq. (4), term 4 (Fig. 8C;
Fig. 9D). While the correlation of velocity and area are ne-
glected, Stokes drift is adequately represented with SSC alone.

3.6. Yearly sediment budgets for Suisun Bay

Yearly predictions of sediment fluxes through Suisun Bay
demonstrate large variability, because the years considered
are also highly variable in terms of freshwater flow (Table 1).
The data suggest that extremely wet years promote sediment
export, while dry years restrict seaward advective transport,
and large landward dispersive flux dominates. The only year
with seaward dispersive flux is 1998, which had persistent

freshwater flow and low salinity gradient through most of
the summer months. The prolonged freshwater flow season
possibly decreased the strength of gravitational circulation be-
tween San Pablo Bay and Suisun Bay. High SSC through the
summer combined with substantial freshwater flow lead to
the large export flux. The error involved with the dispersive
flux prediction is larger than advective and Stokes drift flux
predictions (Fig. 8), therefore differences in total dispersive
flux between water years may not be significant. However,
the net direction of these fluxes is clearly modulated by resid-
ual flow and sediment concentrations, as an extreme year such
as 1998 demonstrates.

4. Discussion
4.1. Accuracy of long-term prediction

The extrapolation of relations developed during the transi-
tion between wet and dry season introduces errors of an un-
known magnitude, but this does not change the seasonal
pattern of suspended-sediment transport. The most intensive
measurement period was conducted during tidal-cycles in
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Table 1

Cumulative flow and estimated fluxes for water years where surrogate data are available. Positive values indicate seaward transport

Water Cumulative Sediment flux: Sediment flux: Net sediment Advective Dispersive Stokes
year water flow Mallard Island Carquinez Strait budget flux flux drift flux
(m’) Mo (M) (Mp) Mp (Mp) Mp)
1997 423 % 10° 2.24 5.07 2.83 (export) 9.13 -3.15 —0.92
1998 53.6 x 10° 242 20.93 18.51 (export) 13.00 8.94 —1.01
2002 11.3 x 10° 0.309 —2.803 3.11 (import) 1.02 —3.51 —0.32
2003 17.3 x 10° 0.546 0.167 0.379 (import) 2.30 —1.68 —0.45
2004 17.9 x 10° 0.619 0.612 0.006 (import) 2.70 —1.56 —0.53

June and July 2004, when freshwater flow was minimized and
salinity gradient was at a maximum. Those efforts result in re-
lations for channel-average velocity, channel cross-sectional
area, and velocity-weighted SSC (tidal-cycle measurements)
as a function of index-velocity, stage, and point SSC values
(spring monitoring measurements). Errors in this procedure in-
clude the error of the index-velocity method (Simpson and
Bland, 2000), and the error of the velocity-weighted SSC cal-
ibration. Potential error arose from a flood-biased velocity in
the index-velocity calibration, however, a shift of the velocity
data (22% of RMS error) was applied based on two indepen-
dent measurements of freshwater flow.

Variability in hydrodynamic conditions, specifically fresh-
water flow and density stratification, may cause these low-
flow ratings to be invalid during periods of higher freshwater
flow. Therefore, the generality of these ratings was investi-
gated with the Regional Oceanic Modeling System (ROMS;
Shchepetkin and McWilliams, 2005). The domain of Suisun
Bay was modeled using tidal forcing in Carquinez Strait,
freshwater flow from the Delta, and a synthetic time-series
of suspended-sediment (Schoellhamer, 2001b) at the western
boundary of Carquinez Strait. The model was calibrated to
stage, and validated with vertical and longitudinal salinity dy-
namics (Ganju and Schoellhamer, submitted for publication).
The calibration of index-velocity to channel-average velocity
was nearly identical between the modeled low-flow and
high-flow period of 2004, suggesting that the calibration de-
veloped from field measurements should be applicable during
high-flow periods. The prediction of velocity-weighted SSC
was performed in the same manner as detailed in Section
3.2, using model results for velocity-weighted SSC, and SSC
at sites NBen and SBen. A regression developed for the
low-flow period of 2004 had errors of 15% and 9% for ebb
and flood, respectively; applying that regression to the high-
flow period of 2004 increased errors to 17% and 11%. These
small increases in error suggest that the use of low-flow ratings
for all periods is reasonable.

From this a continuous record of fluxes was developed for
the spring monitoring period, and those calculated fluxes were
then related to three surrogate variables: lower sensor SSC at
site NBen, longitudinal salinity gradient, and QWEST. The re-
gression errors indicated can only be estimated for the period
of calibration, and extrapolation of these relations over higher
freshwater flow events may introduce further error. RMS error
for the respective flux components was 44% of mean advective

flux, 48% of mean dispersive flux, and 22% of mean Stokes
drift flux. Errors in the dispersive flux prediction are larger
in magnitude than the other flux components, but goodness-
of-fit is sacrificed for conceptual quality. Despite the limita-
tions of these procedures, the predictive methods here can
be refined by additional cross-sectional surveys of velocity
and SSC during periods of major and minor freshwater flow.
Because the surrogates (site NBen SSC, QWEST, and longitu-
dinal salinity gradient) are continuously measured, periodic
surveys can check the validity of the relationships developed
here, and extend relations into other regimes.

4.2. Dispersive flux prediction

The results of the spring monitoring period suggested that
dispersive flux was maximized in the seaward direction during
high-flow (with the caveat that BenSSC,, is high), while
landward dispersive flux is maximized when salinity gradient
is maximized. The basis for this analysis is the gravitational
circulation mechanism: when flow is large, the longitudinal sa-
linity gradient is compressed in Carquinez Strait, and land-
ward flux due to gravitational circulation is restricted. When
flows are reduced, the salinity gradient expands and landward
flux commences. This simplistic treatment ignores the under-
lying complexity of the interaction between flow, salinity gra-
dient, and gravitational circulation. For instance, the local
salinity gradient may be very different than the basin-scale sa-
linity gradient. Measurements during the spring monitoring
period show that salinity gradient is compressed in Carquinez
Strait during high-flows, and expanded within Suisun Bay.
Conversely, during low-flows the salinity gradient is expanded
in Carquinez Strait, and compressed in Suisun Bay. We have
chosen the basin-scale measurement here (salinity gradient
from site Mal to site NBen) because we are estimating sedi-
ment fluxes through Carquinez Strait and into Suisun Bay. If
we were aspiring to understand the local sediment flux within
Carquinez Strait itself, the local salinity gradient would be of
more interest. There still remains uncertainty in utilizing point
values to calculate salinity gradients, as complex bathymetries
and channel configurations suggest vertical and horizontal
structure to the salinity field. Nonetheless, for the bulk predic-
tions made here, the pattern of salinity gradient between two
boundary points should provide adequate representation of
the average salinity dynamics.
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4.3. Seasonal pattern of erosion and deposition

Previous researchers (e.g. Krone, 1979) have speculated
that winter freshwater flows replenish the erodible sediment
pool on the bed of Suisun Bay, while the wind-dominated
summer periods allow for erosion and reduction of this sedi-
ment pool. Our measurements suggest the opposite pattern,
at least under present watershed sediment yield conditions.
For the water years considered here, the largest freshwater
flood brought relatively little sediment past the Mallard Island
boundary as compared to historic conditions (McKee et al., in
press). This essentially creates a clear-water flow condition,
and combined with the relatively high residual SSC in the wa-
ter column, this results in a net export of sediment from Suisun
Bay during the wet season.

Once freshwater flow subsides to typical dry season condi-
tions, wind-wave resuspension begins to mobilize sediment
throughout San Francisco Bay. Wind-wave resuspension is
a major factor for increasing SSC in both Suisun and San Pa-
blo Bay; however, 224 million m? of San Pablo Bay are shal-
lower than 5 m, while only 97 million m? of Suisun Bay fit this
criterion (Jaffe et al., 1998; Cappiella et al., 1999). Therefore,
wind-wave resuspension has a greater effect in San Pablo Bay,
creating a gradient in SSC from west to east. This leads to
a landward dispersive flux, as flood tide carries relatively
higher SSC than ebb tide. The two-layer flow which has
been observed in Carquinez Strait also promotes landward
sediment flux, since near-bottom residual currents directed
landward would coincide with higher near-bottom SSC, and
seaward residual surface currents coincide with lower surface
SSC. The exception to this pattern is water year 1998, which
had persistent freshwater flow during the summer.

Water years with different hydrographs (Table 1) suggest
different patterns: water year 1997 witnessed a large net sea-
ward advective flux and large net landward dispersive flux,
with a pattern similar to water year 2004. However, in water
year 1998, net dispersive flux was large and seaward. Despite
the similar cumulative flow between water years 1997 and
1998, the increased residual flows throughout the summer in
water year 1998 (due to reservoir releases) led to a low salinity
gradient and persistent seaward advective flux through the nor-
mally “dry” season. The traditional wind-wave resuspension
pattern during the summer, combined with increased residual
flow, results in persistent export during the summer. In both
years, Suisun Bay exported suspended-sediment, despite large
watershed sediment fluxes (McKee et al., in press). The
five water years considered here are extreme conditions
(mean = 28.5 X 10° m? , standard deviation = 18.4 x 10° m* )
and represent years when a reasonable percentage of data
were available. Further data collection during several water
years will assist interpretation.

4.4. Ramifications of sediment flux patterns
The suspended-sediment budget of Suisun Bay has major

ramifications for marsh vertical dynamics and sustainability.
The fringing marshes of Suisun Bay depend on surface

deposition during high water when suspended-sediment is in-
troduced in the overlying water, and deposited due to low hor-
izontal velocities within the marsh canopy. The rate of
sediment supply to Suisun Bay, whether from the watershed
(via the Delta) or seaward embayments (San Pablo Bay), is
a critical factor for marsh sustainability, especially in light
of sea-level rise. These results suggest sediment transport at
the boundaries of Suisun Bay is highly variable on a yearly ba-
sis, though redistribution within Suisun Bay cannot be quanti-
fied by this study.

The exchange of sediment between San Pablo Bay and Sui-
sun Bay shows that nutrients and contaminants can be intro-
duced to Suisun Bay from San Pablo Bay. In addition, there
is clearly a seasonal pattern. High concentrations of contami-
nants (e.g. mercury, polycyclic aromatic hydrocarbons) have
been measured in the sediments of San Pablo Bay and Suisun
Bay, and exchange between them shows that toxic sources in
a seaward embayment can impact the water quality in a land-
ward embayment. Contaminant and nutrient uptake rates
among various species are frequently dependent on the season
(e.g. Linville et al., 2002), and the seasonal exchange pattern
may shed light on the importance of exposure periods.

In terms of the sediment budget for Suisun Bay, it is clear
that San Pablo Bay must be an important source of sediment.
Jaffe et al. (1998) show that San Pablo Bay was net deposi-
tional between 1856 and 1951, until the last measurement pe-
riod (1951—1983) which showed net erosion. By comparison,
Suisun Bay had a peak erosional period between 1922 and
1942, and during the last measurement period (1942—1990)
that erosion rate had reduced. This may reflect a redistribution
of sediment between the two subembayments, as they are still
responding to the perturbation of hydraulic mining in the mid-
1800’s. If San Pablo Bay has an excess of bed sediment (i.e.
out of balance with the erosional force supplied by wind waves
and currents), and Suisun Bay has a corresponding deficit,
there should be a transferal of sediment from San Pablo
Bay, either seaward or landward. Assuming that some portion
of that excess can be transferred landward during low freshwa-
ter flow periods, Suisun Bay would be the recipient.

Major floods export large quantities of sediment and cause
net erosion within the basin, while dry periods allow for sed-
iment import from seaward embayments, and resulting deposi-
tion. Frequency and magnitude of floods may determine
whether Suisun Bay is erosional or depositional on decadal
timescales. In light of global climate change affecting regional
temperatures (and therefore snowpack in the watershed), the
timing and magnitude of freshwater flows to Suisun Bay
may change significantly in this century (Knowles and Cayan,
2002). Larger flow events earlier in the season may greatly al-
ter temporal erosion and deposition patterns, as the summer
phase of landward delivery of sediment is further separated
from the sediment export phase in the spring.

5. Conclusions

Despite the highly variable nature of velocity, salinity, and
SSC in estuarine cross-sections, reasonable measurements of
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suspended-sediment flux can be made over limited periods.
Ideally, these measurements can be related to continuously
monitored surrogates. Such a procedure was performed for
Carquinez Strait, California, the seaward boundary of Suisun
Bay. The calculated fluxes show a clear pattern of seasonality
to the advective and dispersive fluxes; these patterns suggest
that down-estuary subembayments are major sources of sedi-
ment to lower-energy landward embayments, especially when
watershed sediment fluxes to the landward embayment are neg-
ligible. Predictions for several water years indicate that Suisun
Bay exports sediment during the wet season, and imports sed-
iment from San Pablo Bay, the seaward embayment, during the
dry season. The exception to this is water year 1998, when per-
sistent freshwater flows were observed during the summer. The
seasonal sediment flux pattern may be due to a trend of sedi-
ment redistribution from San Pablo Bay (which was deposi-
tional between 1856 and 1951, but erosional between 1951
and 1983) to Suisun Bay (where erosion rate has been decreas-
ing since 1942). Net sediment transport to and from Suisun Bay
has major implications for marsh restoration and nutrient/con-
taminant transport in the entire San Francisco Bay. Exchanges
of sediment-associated contaminants and nutrients are clearly
important between embayments, and are not simply one-way
processes from watershed to ocean.
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