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Executive Summary

San Francisco Bay is the largest estuary on the west coast, and it supports a surrounding population
of over 7 million people. Human developments have reduced the amount of fine sediments delivered
to the Bay-Delta system in recent years, which threatens habitat restoration initiatives and suitable
water quality in the southern reach of the Bay (South Bay), where an ample supply of fine sediments is
needed to support tidal flat development and to maintain conditions that limit the excessive growth of
algae populations. A better understanding of how sediments enter and are redistributed within South
Bay is needed to anticipate how the dynamics and supply of fine sediments will change under future
conditions.

In this study, a pair of process-based numerical models was applied to investigate fine sediment path-
ways in San Francisco Bay. An offline coupling between a DELWAQ water quality model and a Delft3D
FM hydrodynamics model provides an efficient method to study suspended sediment transport in large,
complex systems. The DELWAQ model was forced with high frequency river discharge and suspended
sediments data at the primary river boundaries, and the initial sediment condition was determined
through a Bed Composition Generation (BCG) simulation. A buffer layer bed model was implemented
to describe deposition and resuspension, and the model was calibrated using measured suspended
sediment concentration data.

The DELWAQ model was applied to various hydrodynamic scenarios to better understand the effects
of wind, density-driven flows, and freshwater discharge on sediment dynamics in San Francisco Bay.
The results suggest that sediment import and export at the mouth of South Bay is linked to density-
driven circulation induced by hori ontal salinity gradients between South Bay and Central Bay. During
years with particularly high volumes of freshwater discharge from the Sacramento and San Joaquin
Rivers, South Bay is more likely to import sediments, and extreme pulses of freshwater were shown to
enhance sediment connectivity between North Bay and South Bay. Sediment exchange between the
channel and the flats in South Bay is facilitated by the tide, and wind wave resuspension influences the
magnitude of sediment fluxes into and within the southern reach.

This study advances our understanding of sediment dynamics in the complex San Francisco Bay estuary.
With further validation, the DELWAQ model developed in this research can be used as a tool to predict
system response to future conditions brought on by climate change and human-induced alterations
to the watershed. Large-scale management decisions regarding the Bay Area and the Central Valley
could alter the long-term trajectory of the estuary and determine whether it will maintain ecological
viability while adapting to changing hydrodynamic and environmental conditions. Insights learned
from sediment transport modelling can adequately capacitate the Bay s leadership as well as countless
population-dense estuaries around the world confronting analogous challenges.
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Preface

For over a decade, the US Geological Survey and Deltares have been collaborating to better understand
how the Sacramento-San Joaquin Bay-Delta system will respond to changing conditions brought on by
climate change as part of the CASCaDE (Computational Assessments of Scenarios of Change for the
Delta Ecosystem) Project. Of special concern was the impact of potential climate scenarios on ecosys-
tem functions and water quality. The CASCaDE project has nominally ended, but the research and
exploration into the San Francisco Bay system provided a strong foundation for continued research.
The San Francisco Estuary Institute, interested in understanding the controlling factors of water quality
and phytoplankton blooms, became invested in suspended sediments modelling initiatives that were
part of the Deltares-USGS partnership. This study is motivated by the goals of the Deltares-USGS-SFEI
collaboration and advances the development of a sediment transport model of San Francisco Bay.

The hydrodynamic San Francisco Bay-Delta community model, which was developed with contributions
from UNESCO-IHE, USGS, Deltares, California Landscape Conservation Cooperative, San Diego Super-
comptuer Center, Berkeley University of California, SFEI, and Stanford University is open source and
available at: http://www.d3d-baydelta.org/.
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1
Introduction

Estuaries are coastal areas where freshwater draining from inland watersheds meets the sea. Receiv-
ing inputs from both marine and riverine sources, estuaries provide unique and valuable habitat for
a diverse assemblage of plant and animal populations that thrive in such dynamic conditions. Many
estuaries are highly developed and subject to anthropogenic pressures that have significant impacts
on a system s hydrodynamics and ecological health. Suspended sediment is an important ecological
indicator in estuaries, and the net transport of fine material serves as a proxy for the fate and transport
of many harmful pollutants. An ample supply of fine sediment is needed to maintain tidal flat elevations
that sustain intertidal communities and provide natural forms of flood protection and storm mitigation.
SFB is one of many estuaries subject to high levels of anthropogenic influence, and human activity has
shaped its evolution over the past 150 years. The southern reach of the bay (South Bay) is susceptible
to water quality issues due to elevated contamination levels from runoff and sewage discharge com-
bined with high water residence times. To properly manage such a densely populated area without
threatening the future viability of the system, a thorough understanding of the sediment dynamics in
South Bay is needed.

1.1. Motivation
San Francisco Bay (SFB) is the largest estuary on the west coast, and it supports a surrounding pop-
ulation of over 7 million people; by 2040 this number is projected to grow by 30% (Metropolitan
Transportation Commission 2017). Human developments in the Bay Area and throughout the SFB
watershed influence the amount of sediment delivered to the system, thus threatening the estuary s
ecological health and shaping its morphological development.

1.1.1. Fine Sediments in San Francisco Bay
Each year rivers deliver 2.28 million metric tons of suspended fine sediment to SFB (McKee et al. 2013).
These sediments provide material needed to maintain saltmarsh elevations, enabling the viability of
valuable intertidal habitats. Alternatively, sediment can settle in harbours and navigation channels, re-
quiring expensive and environmentally disruptive dredging operations. Approximately 20 million USD
of cargo is handled by San Francisco ports annually, and between 1995 and 2002 an average of 3.1 mil-
lion m3 of sediment was dredged from navigation channels annually (Barnard et al. 2013, Mckee et al.
2006). A better understanding of the forces governing sediment transport can inform more educated
decisions regarding sediment management on a system-wide scale, providing opportunities to work
together with natural processes to strategically deliver sediment to targeted (e.g. wetland restoration)
areas. Changing climate and regional weather patterns are likely to alter the hydrodynamics of estu-
aries, which raises important questions about how these systems will respond. A deeper knowledge
of the forces driving sediment transport is essential to predicting how estuaries will react to future
changes in water levels, sediment supplies, and weather patterns.

1
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Figure 1.1: An overview of SFB. The estuary can be discreti ed into two distinct sub-embayments: North Bay, extending from
the Golden Gate up to the confluence of the San Joaquin and Sacramento Rivers, and South Bay, extending south from Oakland
Bridge to San Jose. The focus of this study is how sediment enters and is redistributed within the main body of South Bay
(between Bay Bridge and Dumbarton Bridge). Most freshwater delivered to the system enters via the Sacramento-San Joaquin
River Delta at the northern boundary. Spatial data sources: SFB DEM - Fregoso et al. (2017); Central Pacific DEM - National
Geophysical Data Center (2003); WWTP locations - Heberger et al. (2009).

1.1.2. Water Quality
San Francisco Bay consists of two sub-embayments - North Bay and South Bay - which are characteri ed
by distinct hydrodynamic forcings. North Bay receives large inputs of freshwater from the Sacramento
and San-Joaquin River systems, which together deliver over 90% of freshwater input to SFB (Conomos
et al. 1985). The area where these two rivers converge before draining into the estuary is referred
to as the Delta (see Figure 1.1). Unlike North Bay, South Bay lacks a significant freshwater source
at its landwards boundary, meaning that it is not flushed as regularly. The longer hydraulic residence
time in South Bay leads to water quality issues, which are compounded by the high number of sewage
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outfalls from waste water treatment plants that discharge nutrients into South Bay (see Figure 1.1).
In dry summer periods, sewage discharge volumes can actually exceed freshwater inputs into South
SFB (Conomos 1979). Agricultural and urban runoff, atmospheric deposition, and pesticides applied
to control invasive species also contribute to elevated contamination levels in South Bay (Fong et al.
2016).

Fate and Transport of Contaminants
The adsorptive properties of fine sediments makes them particularly effective carriers of contaminants,
so the transport and distribution of pollutants is linked to that of fine material. An understanding
of trends in sediment transport and SPM dynamics can reveal information about sediment-associated
contaminants. Collecting sediment flux and suspended sediment concentration data is often cheaper
and easier than directly measuring the transport and concentration of pollutants themselves (Schoell-
hamer et al. 2007). Of special concern in SFB are Mercury, PCBs, and organichloride pesticides that
enter South Bay attached to suspended sediments from the Central Valley (Mckee et al. 2006). If a
contaminant-containing particle settles on the bed, the pollutant and its harmful effects are effectively
removed from the aquatic system until sufficiently high bed shear stresses re-entrain them in the water
column.

The amount of sediment delivered to SFB has been increasingly reduced by the construction of dams,
reservoirs, hydroelectric power facilities, and local irrigation systems throughout the watershed (Conomos
et al. 1985, Mckee et al. 2006). A continued trend of decreasing sediment supply could offset South
Bay s sediment budget, causing erosion and threatening existing tidal flats. Evidence of such a trend
has already been observed in South Bay (Foxgrover et al. 2004). Erosion of previously immobile sed-
iments could reintroduce pollutants contained in the benthic layer back into the environment (Mckee
et al. 2006). This raises concerns about the potential for legacy contamination from historical hydraulic
mining activities to re-enter the SFB system. Harmful byproducts of mining activities, including mer-
cury, made their way to SFB during the California Gold Rush and still pose a threat to human and
ecological health (Alpers et al. 2005). Sediment cores extracted in 1990 revealed that 43% of surface
material in SFB contained mining debris, suggesting that these sediments remain active in the system
(David et al. 2009). For further explanation of the legacy of hydraulic mining activities in the Sierra
Nevadas and the impact on SFB, see Section 2.1.1.

Harmful Algae Blooms
Another way that fine sediments impact estuarine water quality is their effect on the aquatic light
climate. Suspended sediment concentrations are closely related to turbidity, an important ecological
indicator that governs light availability and regulates primary production rates.

High inputs of sewage discharge and runoff combined with a relatively low degree of flushing make
South Bay highly susceptible to water quality issues. The nutrient concentrations observed in South Bay
are characteristic of eutrophic ecosystems that are typically vulnerable to algae blooms. Algae blooms
are known to cause hypoxic conditions, which can result in large-scale die-offs of fish and other aquatic
species. However, such bursts of algal growth are not common in South Bay due to historically high
turbidity levels. Fine sediment suspended in the water column limits the light penetration depth, which
regulates rates of primary productivity and limits the growth of algae populations (Cloern 1987).

The high turbidity levels observed in South Bay are believed to regulate the frequency and magnitude
of harmful algae blooms; however, it is unclear whether these turbidity levels will be sustained if the
ongoing trend of decreasing sediment loads to SFB continues (Ganju et al. 2008, Krone 1979). Krone
(1979) predicted that reduced sediment supply caused by water diversion and other anthropogenic
alternations to the SFB watershed would lead to lower turbidity levels, thus increasing the likelihood
of harmful phytoplankton blooms in the future. Analysis by Schoellhamer (2011) revealed a 36% step
decrease in measured SSC values in SFB between the periods 1991-1998 and 1999-2007, which he
associated with a shift towards sediment supply-controlled transport.

1.1.3. Habitat Restoration
Over the last 150 years San Francisco South Bay has lost more than 80% of its tidal marshes due to
diking for industrial salt ponds, agriculture, and urbani ation (Foxgrover et al. 2004). The South Bay
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Salt Pond Restoration Project aims to restore over 15,000 hectares of salt ponds to tidal wetlands.
The goals of the initiative are to return saltmarsh habitats to native plant and animal species, to pro-
vide wildlife and outdoor recreation opportunities to residents of the bay area, and to contribute to
flood management strategies in South Bay (Valoppi 2018). The decreasing trend in SSCs observed by
Schoellhamer (2011) threatens tidal marsh restoration in that it increases the time needed to restore
vegetation and reduces the likelihood that natural sedimentation will keep pace with sea level rise.
Based on a sediment budget constructed by Shellenbarger et al. (2013) between 29-45 million m3 of
sediment is needed to elevate restoration areas to levels needed to support salt marsh vegetation.
Foxgrover et al. (2004) found that from 1858 to 1983 South Bay has experienced a net loss of sedi-
ment, having undergone both erosional and depositional periods. A better understanding of how much
sediment is imported into South Bay and when this import occurs is needed to determine the required
balance between natural sedimentation and artificial nourishment to provide an adequate sediment
supply for tidal flat development. Further, such knowledge could help to time the dike breachings such
that they correspond to periods of net sediment import into South Bay, thus utili ing natural processes
to deliver sediment to restoration areas (Shellenbarger et al. 2013).

1.2. Existing Theory
The governing processes causing sediment import into SFSB are not well understood. Conventional
wisdom is that sediment enters via the deep channel during periods of high Delta discharge and is
redistributed on the shoals by wind waves in the summer (Brand et al. 2010, Carlson & McCulloch
1974, Conomos et al. 1985, Shellenbarger et al. 2013). Water exchange at the mouth of South Bay is
driven by the tide and density-driven circulation (Conomos 1979, McCulloch et al. 1970, Pubben 2017),
but the degree to which these processes impact residual sediment transport has not been extensively
studied.

Figure 1.2: Satellite image of SFB showing a plume of sediments entering the system via the San-Joaquin Sacramento River
Delta. [Photo from dredgeresearchcollaborative.org]

Recent research has challenged existing theories about the relative contributions of sediments from
far-field (the Delta) and local sources to sediment import in South Bay. McKee et al. (2013) compared
the supply of sediment to SFB from the Central Valley to that from the small tributary watersheds
surrounding the estuary. The hundreds of small tributaries that drain into the Bay account for only
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5% of the total watershed area that feeds the bay and just 7% of the annual freshwater discharge;
however, the study found that these local sources provided 61% of the suspended sediment load to
SFB. This could be attributed to the opposing effects of anthropogenic impacts in the Central Valley
watershed and in the area adjacent to the bay. Approximately 48% of the San-Joaquin-Sacramento
Delta watershed is blocked by dams, as shown in Figure 1.3b (Minear 2010). River damming and water
diversion throughout the Central Valley watershed have reduced sediment loads delivered to SFB via
the Delta, but in the steep local watersheds in the direct vicinity of the estuary, construction and hy-
dromodification activities enhance rather than hamper precipitation-discharge events. With decreasing
sediment input from the San Joaquin-Sacramento rivers system and further urbani ation of the area
surrounding South Bay, the effects of local tributaries on sediment supply and transport in South Bay
may become increasingly significant.

(a) Changes in suspended sediment loads entering SFB from
the Sacramento-San Joaquin river system and local tributaries
in the Bay Area. Note a change after 1999 following four con-
secutive wet years. [Image: (McKee et al. 2013)]

(b) Dammed sections of San Joaquin-
Sacramento watershed. Areas shaded with
orange and yellow are upstream of dams, and
the grey area covers the undammed portion
of the watershed. [Image: (Minear 2010)]

Figure 1.3: Recent trends in sediment load delivery to SFB (left), partially due to the damming of rivers draining from the SFB
watershed (right).

Shellenbarger et al. (2013) created a sediment budget for San Francisco South Bay based on measured
suspended sediment flux crossing system boundaries at the two main tributaries - Guadalupe River and
Coyote Creek - and at Dumbarton Narrows (see Figure 1.1). He found that there was a large variability
in net sediment import or export at Dumbarton Bridge, which is largely controlled by the highly variable
springtime sediment flux. Net ero sediment flux values at Dumbarton Bridge were measured during
the summer. He also concluded that peak SSC values were decoupled from peaks in local tributary
discharge, indicating that the bulk of sediment contributing to peak SSC values does not come from
local tributaries (Shellenbarger et al. 2013).

Along with the processes facilitating sediment import across Bay Bridge, this study concerns the re-
distribution of sediment within South Bay. Within South Bay, tidal advection, seasonal winds, and
density-driven flows influence SSCs and sediment fluxes (Schoellhamer et al. 2007). Half of the varia-
tion in SSCs in the channel are attributed to changes in energy associated with the neap-spring tidal
cycle. During spring tides, increased resuspension and increased advective transport of highly concen-
trated shallow water influence the SSC signal. Short slack water periods don t allow for the deposition
of all suspended sediments that have been entrained since the previous slack. As a spring tide is ap-
proached, the minimum SSC observed over each flood-ebb cycle increases, and as neap is approached,
the maximum SSC observed over a tidal cycle decreases. The result is a tidally averaged SSC signal
that follows the spring-ebb cycle (Schoellhamer 1996).

Suspended sediment concentrations on the flats are influenced by wind speed (Lacy et al. 1996, Schoell-
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hamer 1996). During spring tides, advective transport brings sediments suspended on the shoals due
to wind waves into the main channel; this advective transport is less significant during neap tides, re-
sulting in a SSC signal in the channel that is well correlated with seasonal variation in wind shear stress
(Schoellhamer 1996). Brand et al. (2010) s investigation into the driving forces of sediment dynamics
on shoals throughout SFB concluded that large sediment fluxes are caused by the nonlinear interaction
of wind waves and tidal currents. High SSCs were observed on tidal flats during a flood tide following
wave events during ebb. Lacy et al. (1996) reports similar observations of high SSCs during flood due
to wave re-suspension on the shoals at low water. During periods of calm wind, Brand et al. (2010)
observed higher SSC concentrations during low water.

The literature suggests that sediments enter South Bay during periods of high Delta discharge, and
that wind wave resuspension facilitates sediment exchange within South Bay; however, the pathways
taken by fine sediments into and within South Bay are not well understood. The goal of this thesis is
to develop a model as a tool that can be used to study how sediments are imported and redistributed
within South Bay, and to apply the model to determine how these transport pathways change under
different conditions.

1.3. Project Scope
As a highly complex and dynamic system, there remains much to be learned about the processes
governing sediment transport in South Bay. This section outlines the targeted goals and aims of this
research and the steps taken to achieve them.

1.3.1. Goals
This study seeks to answer the following questions:

Research Questions:

1. What are the processes controlling sediment exchange between South Bay and Central Bay?

2. How are sediments redistributed within South Bay, and what processes facilitate sediment ex-
change between the channels and the shoals?

3. What pathways do sediments entering from local tributaries follow, and on what timescales does
this occur?

4. By which pathways do sediments delivered by the Sacramento and San Joaquin Rivers enter
South Bay?

In which the following are defined:

Sediment - considering only fine sediments

South Bay - stretch of SFB between Oakland Bay Bridge and Dumbarton Bridge

Objectives:
To answer the defined research questions, the following objectives were set:

Determine the pathways by which sediments from the San-Joaquin and Sacramento Rivers enter
South Bay.

Investigate how density-driven flows, wave resuspension, and tidal asymmetry impact residual
sediment transport.

Assess how sediment transport patterns in South Bay change under different hydrodynamic sce-
narios.
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Figure 1.4: Model bathymetry overlaid on satellite imagery of the SFB region. The numbers and arrows correspond to each of
the four research questions posed in this section.

1.3.2. Research Approach
Studies based on data measurements and conceptual models have provided valuable insight into sed-
iment transport patterns in South Bay, but the interpretation of these findings is limited to the spatial
and temporal range of data available. The application of a 3D numerical model to investigate sediment
pathways in South Bay provides an opportunity to examine processes occurring throughout the entire
embayment - not only in the areas where data measurements are collected. Further, a numerical model
allows for various scenarios and conditions to be explored whether or not they have been observed in
reality, providing a tool to predict system response to projected future conditions or large-scale man-
agement decisions.

The water quality of South Bay is of special concern due to the high potential of phytoplankton blooms
which are believed to be regulated by high turbidity levels (Cloern 1987). Ample fine sediment avail-
ability is needed to support tidal habitat restoration projects, especially given recent trends in the
decreasing sediment load delivered to SFB. The demand for a better understanding of the sediment
dynamics in South Bay has led to recent progress in modelling the hydrodynamics and sediment trans-
port in the southern reach of SFB (Pubben 2017, van Kempen 2017). This study builds upon these
developments to further our understanding of sediment pathways in South Bay.

A validated and tested Delft3D Flexible Mesh D-FLOW model describes the hydrodynamics of the South
Bay system, including density-driven currents induced by hori ontal temperature and salinity gradients
(Pubben 2017). An offline coupling of a DELWAQ model with the D-FLOW hydrodynamics allows an
efficient way to study sediment transport patterns under different scenarios. Figure 3.1 shows the
flow of information between the hydrodynamic and sediment transport models. The DELWAQ model
reads in the system hydrodynamics as input and simulates sediment transport based on the bed shear
stresses, flow velocities, and vertical dispersion computed in the D-FLOW model.

van Kempen (2017) began to develop a DELWAQ model to observe the effects of wind-induced currents
and baroclinic flows on advective and dispersive transport in SFB (van Kempen 2017). The previous
model version did not include sediment exchange between the bed and the water column; no sedi-
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ments were initiali ed in the bed, so SFB is represented as a concrete basin. Sediments enter the model
through river boundaries. In this model, under calm conditions with low bed shear stresses, particles
settle low in the water column but are never deposited on the bed, so near-bed sediment fluxes are
overestimated. This study aims to improve the previously existing model by incorporating the vertical
exchange of sediments between the bed and the water column. Describing erosional and depositional
processes in the DELWAQ model will provide a tool with which the effects of tidal asymmetry and wave
resuspension on sediment pathways can be studied. A further description of the D-FLOW and DELWAQ
models is provided in chapter 3.

In this study, the DELWAQ model was calibrated and validated for one year representing baseline con-
ditions, and then applied to other hydrodynamic scenarios to evaluate the impact of wind, estuarine
circulation, and river discharge on sediment pathways in South Bay.

The following outlines the approach taken to meet the goals and objectives set for study.

PHASE 1
1. Develop DELWAQ model

- Implement bed model (erosion and resuspension)
- Define initial sediment condition
- Calibrate model to determine appropriate & realistic sediment parameters

PHASE 2
2. Sediment tracer analysis

- Label sediments starting in different areas of SFB and trace their pathways.

3. Apply calibrated DELWAQ model to different hydrodynamic scenarios
- Turn off baroclinic flows to evalute impact of density-driven circulation.
- Turn off wind to evaluate impact of wind-induced currents and wave resuspension.
- Consider wet year to evaluate impact of extreme freshwater discharge rates.

Figure 1.5: Work flow diagram.



2
Background

This chapter provides the information needed to study sediment pathways in SFB. An overview of the
processes and environmental conditions that shape the estuary is given in Section 2.1, with special
attention to South Bay. In a tidally influenced environment, the net transport of fine sediments is often
small compared to the magnitude of sediment fluxes. It is therefore important to properly describe
erosion and deposition to simulate and predict sediment transport on a system-wide scale. Relevant
theory regarding the physics of cohesive sediments and fine sediment transport is provided in Section
2.2, and the ways that relevant processes are represented in a numerical model are introduced.

2.1. System Overview
To be more conclusive about sediment pathways in South Bay and to achieve the goals outlined in
Section 1.3, a comprehensive understanding of the SFB system is needed. Here, the factors shaping
the development of the estuary and the dominant processes controlling sediment dynamics throughout
the Bay are described.

2.1.1. History
The Bay-Delta system has been subject to human influences since California experienced its first major
population boom during the Gold Rush. Moftakhari et al. (2015) estimated that anthropogenic alter-
ations to the SFB watershed are responsible for about 55% of the sediment delivered to the estuary
between 1849 and 2011. In the mid 1850 s, people rushed to capitali e on lucrative mineral deposits in
the Sierra Nevada mountains. Hydraulic mining activities generated lots of loose sediment and debris,
which were carried downstream by the Sacramento and San Joaquin rivers and ultimately delivered to
the Bay. The rich sediment supply resulted in sedimentation and shoreline progradation throughout the
estuary, which saw over 350 million m3 of net sediment deposition between 1856 and 1887 (Capiella
et al. 1999, Foxgrover et al. 2004, Fregoso et al. 2008, Jaffe et al. 2007).

Hydraulic mining ceased after a court case ended the practice in 1884, but since then, anthropogenic
activity throughout the watersheds draining into SFB have continued to impact the amount of sediment
delivered to the estuary. The construction of dams, reservoirs, hydroelectric power facilities, and
local irrigation systems along the major rivers feeding into SFB have lowered freshwater and sediment
yields from the Central Valley (Conomos et al. 1985, Mckee et al. 2006). As a result, the fraction of the
sediment load contributed by local tributaries compared to that from the Sacramento-San Joaquin Delta
has increased over time. The combination of reduced flow and lower sediment supply has resulted in a
50% overall reduction in annual sediment delivery to the bay (Moftakhari et al. 2015). Understanding
the impacts of these human-induced fluctuations in sediment supply from far-field and local sources
can help to anticipate system response to future changes and inform management and policy decisions.

2.1.2. Geometry
San Francisco Bay is characteri ed by a channel-shoal morphology in which deep, narrow channels
maintained by tidal currents are flanked by shallow mudflats (Conomos et al. 1985). The bay consists

9
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of two sub-embayments with distinct hydrological properties. The northern reach (North Bay) extends
from the confluence of the Sacramento and San Joaquin rivers (”The Delta”) south to the Golden
Gate Bridge. North Bay is about 75km long and contains three smaller embayments (Suisun Bay, San
Pablo Bay, and Central Bay) that are separated by narrow straits (Carquine and San Pablo Straits).
North Bay can be characteri ed as a partially mixed estuary. Ninety percent of freshwater delivered
to SFB enters through its northern boundary, the Sacramento-San Joaquin River Delta, and from the
south a progressive tidal wave delivers saltwater and provides energy for mixing (Conomos et al. 1985).

South Bay extends from the Oakland Bay Bridge to the southern tip of the estuary at San Jose (though
this study focuses on the area between Bay Bridge and Dumbarton Narrows). It was defined by Walters
et al. (1985) as a tidally oscaillating lagoon with density-driven exchanges with the northern reach. The
average water depth in South Bay is 2.6m with a maximum depth of 20m at mean water tide level
(Hager & Schemel 1996). A narrow channel with a depth of 13-15 meters longitudinally traverses
the embayment. The channel is bounded on both sides by shallow mudflats of 2-4 m depth. Flow
velocities in the channel commonly exceed 1m/s, whereas currents over the shoals are much slower,
around 0.4m/s (Brand et al. 2010). The bay is characteri ed by fine sediments with a mean grain si e
of 52 𝜇𝑚, and the bed is composed of 75% silt and 25% silt and clay (Cloern & Schraga 2017).

2.1.3. Climate
San Francisco Bay experiences a Mediterranean climate with cool, wet winters and warm, dry summers.
The North Pacific high pressure system hovers over California in the summer, thus deflecting storms
away and creating dry conditions. Summers in SFB are dominated by westerly/northwesterly winds.
Prevailing westerlies are superimposed with local winds generated by pressure gradients caused by the
differential heating of land and water masses. Together, this leads to a strong diurnal wind forcing in
the summer that can generate wind waves with 2-3 second periods and wave heights exceeding 1m
(Conomos 1979).

In the winter, once the high pressure system has migrated south towards the equator, storms bring
heavy rain and gale winds (Conomos 1979). These storms can generate winds from the east and
southeast, contrary to prevailing wind patterns. Most rainfall in SFB occurs between October and April
(Shellenbarger et al. 2013).

2.1.4. Hydrodynamics
As an estuary, South Bay is subject to the effects of both freshwater and saltwater influences. The
currents and circulation patterns observed in South Bay are a function of the tide, freshwater inflow,
basin geometry, and wind stresses.

Freshwater Inflow
About 90% of freshwater input to SFB is delivered via the Delta, and the remaining 10% enters through
over 450 smaller tributaries surrounding the Bay (Conomos 1979, McKee et al. 2013). Freshwater
reaches South Bay from far-field sources via its northern boundary and from local sources that drain
directly into South Bay. The Sacramento-San Joaquin river systems typically experience two high dis-
charge periods each year - one between December and February due to winter storms and one between
March and June due to snowmelt in the Sierras (McCulloch et al. 1970). Local tributaries draining di-
rectly into South Bay experience the first discharge peak due to winter storms but are not affected by
snowmelt. The three main tributaries delivering freshwater to South Bay are Guadalupe River, Coyote
Creek, and Alameda Creek (see Figure 1.1).

In addition to freshwater inputs from The Delta and from local watersheds, wastewater treatment plants
contribute freshwater (but no sediments) to the Bay. Although South Bay receives only about 10%
of freshwater inputs into SFB, 76% of all wastewater discharged into the estuary enters South Bay.
During dry periods, sewage discharge can actually exceed natural inflows into South Bay (Conomos
1979).

Looking ahead, changing precipitation patterns could change the timing and magnitude of freshwater
inputs to SFB. Large pulses of freshwater entering through the Delta are likely to come earlier in the
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year due to the earlier onset of snowfall and precipitation falling as rain rather than snow (Dettinger
et al. 2004, Miller et al. 2004, van Rheenen et al. 2004). Freshwater inputs during the dry season
are projected to decline over the next century. These projected changes are likely to result in wetter
springs and drier summers in SFB (Grenier & Davis 2010).

Circulation
Currents induced by wind shear stress on the water surface and density gradients due to spatially and
temporally varying salinity and temperature fields are superimposed on tidal currents to create the
complex 3D circulation patterns observed in South Bay.

Tide
The tide in SFB is characteri ed as mixed semidiurnal, meaning it experiences two high and two
low waters of varying magnitude each day. The tidal wave propagates down through South Bay,
and much of the energy is reflected at the southern boundary, resulting in a tidal signal of standing
character. The mean tidal range at Golden Gate is 1.7m. Due to the standing nature of the tidal
wave, the range increases along the axis of the embayment from 2m at Dumbarton Bridge to 2.6m
at the southern tip of South Bay (Conomos 1979, Walters 1982). The hori ontal tide (current veloc-
ity) leads the vertical tide (water level elevation) by a quarter of a tidal period, so low water slack
and high water slack correspond to high and low water. Tidal currents provide energy for mixing in
estuarine systems, so the marked spring-neap variations observed in SFB create fortnightly varying
currents that are inversely linked to stratification in the water column (Walters et al. 1985).

Unlike in South Bay, the tidal wave in North Bay is progressive. The difference in tidal character
between the two reaches of SFB impacts tidally driven exchanges between the northern and south-
ern reach. The phase shift between flow velocity and water level varies in different parts of the
Bay, and the progressive tide in the northern reach propagates slower than the standing wave in the
southern reach. The result is that water in the southern reach ebbs while water in North Bay floods,
and vice versa (Conomos 1979). Aerial observations during a winter storm show a sediment plume
from the Delta that moves across Central Bay when North Bay is in the last stages of ebb and South
Bay is beginning to flood (Carlson & McCulloch 1974). Understanding these tidal-phase differences is
essential to investigating the mechanisms that lead to sediment exchange between North and South
Bay.

Wind Shear
When wind blows over a body of water it exerts shear stress on the surface, which can generate
waves and initiate currents. The shear force exerted on the surface is proportional to the square
of the wind speed (Walters et al. 1985). The extent to which such stresses generate circulation
patterns is dependent on wind fetch and bay morphology. Winds in South Bay are strongest during
the summer and during winter storms. Due to the configuration of South Bay, the wind direction de-
termines the character of resulting circulation currents. Northerly and northwesterly winds generate
wind set-up along the channel, driving a strong return flow. Southeasterly winds generate a strong
flow northwards up the channel. If winds from the north, northwest, or southeast are strong enough
their effects can dominate tidally driven flows. However, westerly winds flowing normal to the main
channel in South Bay are only capable of creating weak return flows across the shoals (Walters et al.
1985).

Density-Driven Flows
Since estuaries receive inputs from both marine and riverine sources, water entering the system
varies greatly in terms of salinity and temperature. As the density of water is dependent on these
properties, hori ontal density gradients are often generated in estuaries in cases where freshwater
is discharged at its landward boundary. Denser, more saline water from the sea travels landwards
underneath seaward-moving freshwater, inducing a classic gravitational circulation pattern with bot-
tom currents directed landwards and surface currents directed seawards.

Unlike North Bay, South Bay lacks a significant source of freshwater at its head. As a result the
water properties in the southern reach are controlled by tidal and density-driven exchanges with
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Central Bay. Pubben (2017) found that salinity differences dominate over temperature in determin-
ing density gradients in South Bay. The salinity field varies seasonally and is influenced by water
exchanges with Delta discharge and the Pacific. Both classic estuarine and reverse estuarine circu-
lation patterns are observed in South Bay throughout the year, and the nature of this circulation is
linked to the magnitude of river discharge from the Delta (Conomos 1979, McCulloch et al. 1970,
Walters et al. 1985).

Hori ontal temperature and salinity differences in South Bay generate density-driven currents, which
vary proportionately with density gradients and inversely with the intensity of vertical mixing (Walters
et al. 1985).

Near-oceanic salinity values are observed in South Bay during most of the year, but during peri-
ods of high Delta discharge, influxes of freshwater lower salinity values in the southern reach of
SFB. Salinity values increase in the summer due to higher evaporation rates (brought on by higher
wind speeds, temperature, and solar radiation) and lower freshwater discharge volumes. About 120
cm/year of water evaporates from South Bay, which is enough to support industrial salt production.
On occasion, the salinity in South Bay can exceed that in the Gulf of the Farallones, seaward of the
Golden Gate. (Conomos et al. 1985).

Over the course of year, the salinity field in South Bay can be characteri ed in one of three ways,
each of which is linked to a certain level of Delta discharge. McCulloch et al. (1970) described these
three scenarios as ideali ed periods throughout the year, which are summari ed here:

1. Low Delta discharge: June-November; highest salinity values observed in South Bay; reverse
estuarine circulation gives way to weaker summer flows driven by tidal and wind forces, and
stirring by wind waves creates nearly isohaline conditions (Walters et al. 1985); both South Bay
and Central Bay salinities are near oceanic values.
In this study, low Delta discharge is defined as 𝑄 < 800 𝑚 𝑠 .

2. High Delta discharge: December-February; low salinity in Central Bay. Conomos (1979) reported
a time lag of 6 days between peak Delta discharge and minimum salinity observed in Central
Bay; South Bay salinity exceeds that in Central Bay, and water exchanges between South Bay
and Central Bay dilute South Bay. Results in reverse estuarine circulation pattern with bottom
currents directed seawards and surface currents directed landwards.
In this study, high Delta discharge is defined as 𝑄 > 800𝑚 𝑠 , and extreme Delta discharge
is defined as 𝑄 > 10,000 𝑚 𝑠 .

3. Reducing Delta discharge: March-May; increasing salinity in Central Bay; salinity increases in
northern end of South Bay resulting in classic estaurine circulation with bottom currents directed
landwards and surface currents directed seawards.
In this study, reducing Delta discharge is defined as the period following high Delta discharge
when the hori ontal salinity gradient along the longitudinal axis of South Bay exceeds the baseline
gradient observed during periods of low Delta discharge.

The direction and magnitude of density-driven circulation has large implications on net sediment
transport. As density-driven circulation drives flows in different directions near the surface and near
the bed, the sediment concentration profile across the vertical dimension is important to determining
the net effect of baroclinic flows.

The strength of density-driven currents is a function of freshwater inflow and the magnitude of
vertical mixing. Energy for mixing comes from tidal forces, thus the degree of stratification in South
Bay can be linked to the tidal amplitude following a neap-spring cycle (Walters et al. 1985). In the
same way that salinity corresponds to Delta discharge, flushing and water quality in South Bay is also
linked to freshwater flows from the Sacramento-San Joaquin river system. During periods of large
Delta discharge, South Bay experiences a high degree of flushing, with a residence time on the order
of 1-2 weeks. During dry periods, the residence time approaches 5 months and water exchange is
dominated by wind and tidal mixing (Conomos 1979).
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Figure 2.1: Three stages of salinity gradients and induced circulation patterns observed in South Bay. From left to right, these
scenarios describe circulation during periods of 1) low Delta discharge, 2) high Delta discharge, and 3) recovery after high Delta
discharge.

2.2. Cohesive Sediments
One of the objectives of this study is to examine the effects of tidal asymmetry, baroclinic flows, and
wave resuspension on net sediment transport in South Bay using a numerical model. This can only
be accomplished by implementing bed exchange in teh model. This section gives an overview of the
processes relevant to understanding the vertical exchange of fine sediment between the bed and the
water column and the hori ontal movement of sediments resulting in net transport.

Fine sediments are composed of particles finer than 63 𝜇𝑚, and exhibit different properties and be-
havior than non-cohesive sediments. Fine grains are generally plate-like in shape with ionic charges,
causing them to have strong cohesive (ability to bond with similar substances) and adhesive (ability to
bond with different substances) properties. The degree of charge or attraction of a particle depends
on the mineralogy of the source rock from which the sediment originated. Due to their ability to bond
with other matter, fine sediments are effective transporters of contaminants and pollutants (Thompson
et al. 2017).

The nature of the exchange of sediments between the bed and the water column is fundamentally
different for sand and for mud. Non-cohesive sediments will be eroded nearly instantaneously once
the bed shear stress exceeds a critical value and deposited once the bed shear stress drops below a
critical value (van Maren 2013). The case for fine grains is more complex, since the amount of energy
required to entrain a particle is greater than that needed to keep it in suspension (Winterwerp & van
Prooijen 2016). Cohesive sediments are subject to a number of processes that together determine
whether grains will settle or remain in suspension.

Table 2.1: Sediment characteri ation based on grain si e. Mud is the term used to collectively refer to clay and silt.

Sediment Class Min Diameter, 𝜇𝑚 Max Diameter, 𝜇𝑚
Sand 63 2000

Silt 2 63

Clay 0 2

Mud 0 63
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Figure 2.2: The cycle of fine grained sediments. Processes are shown in blue and the resulting states are shown in yellow.
[Image: Redrawn from Thompson et al. (2017)]

2.2.1. Bed Exchange
The vertical exchange of fines is governed by the settling velocities of matter in suspension, the nature
of the bed, and the hydrodynamic forcings at work (Winterwerp & van Prooijen 2016). Detail into how
these factors impact the mechanisms driving the cycle of fine grained sediments is provided here.

Flocculation
Due to their cohesive properties, fine grains in suspension tend to form aggregates, or flocs. Floccules
are much larger than individual particles, but their density is much lower due to high water content.
Unlike individual grains of mud, which are usually flat, flocs are spherical in shape. Floc si e is deter-
mined by a balance between break-up and formation and is governed by the Kolmogorov microscale
(𝜂), a measure of the si e of the smallest dissipating turbulent eddies in a flow. When 𝜂 is much smaller
than the existing flocs, inertial effects dominate, and flocs will break up. Conversely, when 𝜂 is much
larger than existing floc diameters, viscous effects dominate, and floc formation will persist (Thompson
et al. 2017). As shown in Equations 2.1 and 2.2, the Kolmogorov microscale is related to shear stress
through the rate of energy dissipation. Therefore, changes in shear stress impact the scale of turbulent
eddies, which in part controls the nature of floc break-up and dissipation.

𝜂 = (𝜈𝜀 )
.

(2.1)

𝜀 = 𝑈∗
𝜅𝛿 (2.2)

with:

𝜈 = kinematic viscosity [𝑚 𝑠 ]

𝜀 = energy dissipation rate [𝑁𝑚𝑠 𝑘𝑔 ]

𝑈∗ = friction velocity [𝑚𝑠 ]

𝜅 = von Karman s constant (0.41)

𝛿 = boundary layer thickness [𝑚]
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Floc si e is related to the sediment concentration in the water column, in that higher sediment con-
centrations offer more opportunities for particles to collide and aggregate together. The temperature,
pH, and salinity of the surrounding fluid also controls flocculation rates (Thompson et al. 2017). Due
to the influence of flow velocity (turbulent stresses), water depth, sediment concentration, and water
properties, floc si e varies over tidal, spring-neap, and seasonal timescales (Winterwerp & van Prooijen
2016). The complex temporal variation in floc si e and the dependence of floc formation on local water
properties makes explicitly describing the settling velocity of cohesive sediments difficult.

Settling
The settling velocity of spherical particles is often described by Stoke s law, where the fall velocity
is derived from a balance between the drag and gravity forces acting on a grain in a viscous fluid.
According to Stoke s law, the speed at which a particle settles towards the bed is a function of the
diameter and density of individual grains and the dynamic viscosity and density of the surrounding
fluid. Sediment samples providing the si e distribution of non-cohesive sediments, therefore, provide
information about the sediment fall velocity.

However, determining the fall velocity of cohesive particles is more complicated, due to their tendency
to form flocs with distinct properties in the water column. The fall velocity of flocs depends on the
si e, shape, and density of the floc, sediment concentration, and also on the salinity, temperature,
and turbulence of the surrounding water. The settling rate of cohesive sediments is dependent on a
number of temporally and spatially varying parameters, and thus is difficult to describe. Floc cameras
can directly measure settling velocities in-situ, and LISST devices can be used to measure floc si es;
however floc densities are also needed to describe floc fall velocities accurately (Winterwerp & van
Prooijen 2016). In numerical models, the fall velocities of cohesive sediments are often calibrated to
determine an appropriate value, because data on floc settling velocity is rarely available, hard to obtain,
and only representative of the conditions under which the data was collected.

Bed Development
The sediment-water interface is characteri ed by layers of individual grains, flocs, and biological matter
that increases in density with depth. The structure of the sediment-water interface depends on the
sediment composition and the amount of time allowed for settling. As particles settle on the bed, they
are subject to consolidation and compaction if hydrodynamic conditions allow time for these processes
to occur (Thompson et al. 2017).

Under calm conditions, the bed may progress through a number of stages after new sediments are
deposited, the first of which is lutocline development. A lutocline is a hori ontal interface near the
surface of the bed at which a sharp increase in sediment concentration takes place. The presence of
a lutocline promotes the formation of a mobile (fluid) mud layer, which is common when the rate of
sedimentation exceeds that of consolidation (Winterwerp & van Prooijen 2016). As the concentration
of sediment increases, a non-Newtonian stationary mud layer can form as the mud-fluid mixture builds
resistance to shear stresses. Once the bulk density exceeds 1200 kg 𝑚 , the sediment is considered
to be part of a deforming cohesive bed. Flocs are compressed and consolidation expels excess pore
water. At this stage, elastic behavior is observed; induced stresses result in changes in viscosity in the
bed material, but it does not yet exhibit plastic properties. Further consolidation and compaction leads
to the formation of a stationary cohesive bed that possesses yield strength and undergoes irreversible
deformation (Thompson et al. 2017).

During each of these stages, the bed assumes different properties that determine how it responds
to stresses. In this way, the local critical threshold for erosion and sediment resuspenison rates are
influenced by the history of bed sediments.

Erosion
Unlike sandy beds, where the threshold of erosion is related to the si e of individual grains, the thresh-
old of erosion for muddy beds is linked to the cohesive (shear) strength of the bed. The bulk density
of bed material can be used as a proxy for mud or clay content, and generally, the threshold of erosion
increases with increasing mud content (Thompson et al. 2017). Bed cohesion typically increases with
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depth, and the relationship between the sediment shear strength and depth can be described with
Mohr-Coulomb theory. The ratio of the shear stress at a certain depth to the effective strength at a
certain depth is constant.

𝑡𝑎𝑛(𝜙) = 𝜕𝜏
𝜕𝜎 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2.3)

𝜏 (𝑧) = 𝜏 (0) + 𝜎𝑡𝑎𝑛(𝜙) (2.4)

with:

𝜙 = friction angle
𝜏 = critical shear stress [𝑃𝑎]
𝑧 = depth [m] increasing downwards

The effective stress is defined as the buoyant geostatic and hydrostatic pressures within the sediment
column, and accounts for the weight of everything above it, without pore pressure (Thompson et al.
2017).

Wave Resuspension
As waves induce oscillatory motions, the wave boundary layer is thin compared to that generated by
a unidirectional current. As a result, the vertical velocity gradient in the wave boundary layer (and
thus shear stresses) are large, making waves very effective at stirring up bed sediment (𝜏 ∝ ).
Turbulent mixing by waves is limited to the near-bed wave boundary layer. In terms of fine sediment
transport, waves re-suspend sediment while currents are responsible for vertical mixing throughout
the water column and hori ontal transport (Bosboom & Stive 2013, Thompson et al. 2017, Winterwerp
& van Prooijen 2016).

Effects of Biology
Plants and animals can enhance or reduce sediment transport rates via bioturbation and biostabili a-
tion, respectively. The net impact of biology on sediment dynamics is a balance between effects that
increase and those that lower the erosion threshold of the bed. The presence of biologic matter in-
cluding biofilms (Iglecia et al. 2011, Ketron et al. 2011), diatoms (Cloern et al. 1983), clams (Nichols
et al. 1990), benthic invertebrates (Nichols 1985), sea grasses (Zimmerman et al. 1995), and lugworms
(Wells 1962) in SFB could influence the sediment dynamics of the system. Table 2.2 provides examples
of how biology can contribute to biostabili ation and bioturbation.

Table 2.2: Examples of how biological matter influences sediment dynamics (Thompson et al. 2017).

Biological Presence Impact Effect

Biofilms Impact bed cohesiveness and bed roughness Stabili e

Diatoms & Bacteria Excrete EPS, increasing sediment cohesion Stabili e

Mollusks & Cockles
Armor bed and protect it from flow; deposit
fecal pellets and aggregates, altering bed
roughness

Stabili e/
Destabili e

Anthropods/Benthic
Invertebrates

Small animals that burrow and tunnel in
sediment; densities can exceed 100,000m ;
birds feed on them and stir up sediment

Destabili e

Sea Grasses
Roots stabili e sediment; leaves alter
boundary layer structure Stabili e

Lugworms
Leave casts on the bed surface, altering bed
roughness and boundary layer structure

Stabili e/
Destabili e
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Biological matter present on the surface of the bed increases the bed roughness (e.g. lugworm casts).
Changes to bed roughness can reduce or enhance transport rates depending on the nature of the
interaction between the flow and the bed. In one sense, a higher bed roughness (larger bed forms)
lowers transport rates due to the higher friction and drag, which impede flow. However, bed aber-
rations can also induce turbulent eddies, which stir up sediment resulting in higher transport rates.
Biological effects are subject to seasonal variation and vary spatially as well, which makes it difficult
to generali e about net impacts on a large scale (Thompson et al. 2017). Investigating the biological
factors influencing sediment dynamics in SFB is beyond the scope of this study, but an understanding
of the potential effects is necessary to properly interpret in-situ data and fully consider the processes
at work in the system.

2.2.2. Net Transport
The transport of mud depends on hydrodynamics, the availability of sediment, and the age of the
sediments deposited on the bed (degree of consolidation) (van Maren 2013). The energy required
to mobili e cohesive sediments is much larger than that required to keep it in suspension, which
means that particles can be transported under calmer conditions than those required to entrain them.
Therefore, the concept of a deposition threshold does not hold for fine sediment (Winterwerp & van
Prooijen 2016). As a result, in tidally influenced environments, sediment fluxes are often quite large
compared to the net excursion observed. The suspended transport of fine sediments can be categori ed
into that caused by baroclinic and barotropic mechanisms.

Baroclinic Mechanisms
Baroclinic processes are generated by hori ontal gradients in water density. The main baroclinic mech-
anisms causing net suspended transport are gravitational (estuarine) circulation and tidal straining.
Varying temperature and salinity fields can cause hori ontal density gradients in a basin, thus induc-
ing gravitational circulation patterns. Refer to Section 2.1.4 and Pubben (2017) for a description of
density-driven circulation patterns in SFSB.

Gravitional circulation is influenced by a phenomenon known as tidal straining, whereby tidal flows pe-
riodically reinforce or destabili e vertical stratification. Considering an estuary with a freshwater source
at its landward boundary, stable stratification is the case where freshwater flows seawards over denser
saline water flowing landwards, resulting in a classic estuarine circulation pattern. During ebb, this
pattern is reinforced by the flow of less saline water seawards towards the mouth. During flood, unsta-
ble stratification occurs, whereby saline water flows landwards near the surface. Unstable stratification
results in a more mixed, less stratified basin. If stratification during ebb is sufficiently developed, it can
dominate the vertical transport of momentum caused by tidal straining, and persistent stratification
is observed (Winterwerp & van Prooijen 2016). Mathematically, this pheonomena is described as the
covariance of the eddy viscosity and the vertical shear of the longitudinal velocity component of the
tide (Burchard & Schuttelaars 2012).

The direction of density-induced currents in estuaries is typically not uniform throughout the water
column, thus the vertical sediment distribution is needed to infer net transport fluxes.

Barotropic Mechanisms
In tidally influenced embayments, residual transport is a result of the imbalance between ebb and
flood (Gatto et al. 2017). Lag effects, tidal asymmetry, and basin geometry control the magnitude and
direction of the net transport of fine sediments. Various barotropic mechanisms that can contribute to
the net transport of cohesive material are outlined here.

Velocity Asymmetry
Velocity asymmetry refers to differences between the maximum flood and ebb velocities over the tidal
cycle (a skewed tidal velocity signal). Flood dominance and ebb dominance refer to tidal systems with
stronger flood and ebb currents, respectively. In general, basins with extensive intertidal flats and
deep channels tend to be ebb dominant (ℎ > ℎ ), whereas basins with less intertidal area and
shallow channels tend to be flood dominant (ℎ > ℎ ). In addition to basin geometry, a residual
seaward return current can be generated by a progressive tidal wave in the same way that undertow
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currents are generated in coastal environments due to Stoke s drift. Such a residual current yields a
vertical shift of the hori ontal velocity curve, implying that the maximum flood current and maximum
ebb current are of different magnitudes (Bosboom & Stive 2013, Gatto et al. 2017). The effect
of peak velocity asymmetry is generally associated with non-cohesive sediments that react more
instantaneously to changes in flow. Nonetheless, the instantaneous suspended sediment transport
rate is related to the velocity cubed, and thus velocity asymmetry does impact the net transport of
fine sediments, as shown below:

𝑆(𝑡) = 𝑄 ⋅ 𝐶 (2.5)

𝑄 ∝ 𝑈 (2.6)

𝐶 ∝ 𝐸 ∝ 𝜏 ∝ 𝑈 (2.7)

∴ 𝑆(𝑡) ∝ 𝑈 (2.8)

with 𝑆 = sediment transport, 𝑄 = volumetric flow velocity, 𝐶 = sediment concentration, 𝑈 = flow
velocity, 𝐸 = erosion flux, and 𝜏 = bed shear stress (Gatto et al. 2017).

Slack Asymmetry
Slack asymmetry refers to the sawtooth asymmetry of the hori ontal tidal signal, which means that
high water slack and low water slack are not of the same duration (Bosboom & Stive 2013). Slack
asymmetry means that particles have more time to settle at high water than at low water or vice
versa, potentially yielding net transport.

Settling Lag
Fine sediments entrained in flow continue to move hori ontally once the current velocity drops be-
low a theoretical threshold value for deposition. Settling lag is the residual effect of this hori ontal
displacement under unbalanced, reversing flows. Once the flow drops below a certain threshold
velocity the particle will start to settle down towards the bed. Consider a particle transported from
the mouth towards the landwards end of a basin by the tide. Before flow reversal, the velocity drops
below the threshold, and the particle begins to settle. As it moves downwards in the water column,
it continues to move hori ontally such that it hits the bed in a position further landwards than when
it started to settle. As a result, the re-entrainment of the particle is delayed; the time between flow
reversal and the point at which the flow is strong enough to re-mobili e particles is shorter at the
mouth than at the landward boundary, thus flood will induce more transport than ebb. Longitudinal
changes in bathymetry and the difference in water depth between flood and ebb tides also impact
the hori ontal trajectories of particles, thus contributing to settling lag (Bosboom & Stive 2013, Gatto
et al. 2017, Pritchard & Hogg 2003, van Maren 2013, van Straaten & van Kuenen 1958).

Threshold lag
If we consider the case where flow velocities are damped longitudinally landwards along a basin,
landwards net transport is expected as a result of settling lag. Threshold lag is a mechanism that can
enhance this residual transport. With each tidal cycle, settling lag will cause a particle to deposit on
the bed further towards the end of the basin. As a result, it will take increasingly longer for the ebb
current to mobili e the particle again, thus contributing to further residual landwards transport. If
this feedback of settling lag and threshold lag continues, the local velocities may never again exceed
the critical velocity to resuspend the particle. van Straaten & van Kuenen (1957) identified this case
as final settling lag (Gatto et al. 2017).

Scour lag
Scour lag occurs when the flow velocity needed to mobili e a particle is faster than that below which
deposition will occur (𝑈 , > 𝑈 , ). Under this condition, the entrainment of sediment after flow
reversal will be further delayed, contributing to net landwards transport (Pritchard & Hogg 2003, van
Straaten & van Kuenen 1958).
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Though the specific barotropic mechanisms contributing to net transport were not individually quantified
in this study, understanding the potential drivers of tidally-driven transport is important to be able to
interpret and explain model results.

2.2.3. Modelling Fine Sediments
In systems dominated by fine sediments, sediment transport depends on (1) fluid dynamics, (2) sedi-
ment availability in the water column, and (3) the age of the sediments deposited (van Maren 2013).
This chapter explained the main processes controlling vertical sediment exchange and hori ontal net
transport of mud, but the degree to which these are described in a numerical model depends on model
capabilities and the level of complexity needed to produce the intended results.

With respect to fluid dynamics, both the bed shear stresses and the vertical velocity profile need to
be described well to model fine sediments (van Maren 2013). In this study, wave and current-induced
bed shear stresses and flow velocities are computed in the the hydrodynamics model and 10 vertical
layers are resolved. However, due to the offline coupling between the sediments model and the hydro-
dynamics model, feedback between sediment concentration and fluid behavior cannot be accounted
for (see Section 5.1.3, which discusses sediment-density coupling).

Sediment availability in the water column is dependent on the amount of sediments delivered by rivers,
bed composition, and the way that deposition and resuspension are defined. Measured sediment loads
entering through gauged river boundaries were used to force model boundaries, and a spatially-varying
bed composition was initiali ed in the model, as explained in Section 3.2.6. In reality, varying rates of
flocculation and biological matter in the bed influence sediment settling and erosion; however, in this
study, these effects are not simulated in the DELWAQ model.

The age of deposited sediments impacts the level of consolidation and cohesive strength of bed ma-
terial. To model bed consolidation, a very small time step and high vertical resolution is needed (van
Maren 2013), so simulating compaction on large spatial and temporal scales is not currently feasible.

Though not all processes at work in reality are implemented in the DELWAQ model, it is important
to understand how these effects can influence sediment dynamics to properly interpret comparisons
between measured and modelled sediment behavior. If the model is able to describe SPM dynamics
and sediment fluxes well enough to answer the given research questions, then resolving additional
processes only introduces unnecessary complexity.

The limitations inherent in the DELWAQ model in this study and the potential to simulate additional
processes are discussed in Section 5.1.3. The next chapter explains how the dominant forcings shaping
the SFB estuary and processes controlling fine sediment dynamics were incorporated into the DELWAQ
model setup.
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The previous chapter gave an overview of the processes controlling the exchange of sediment between
the bed and the water column and the primary mechanisms driving fine sediment transport in an
estuarine environment. Investigating these processes on a scale beyond that which is captured by in-
situ data is difficult, and numerical models provide a useful tool to achieve a system-wide understanding
of sediment dynamics. This chapter explains the advantages of a modelling approach, the set-up of
the DELWAQ sediment transport model, and the calibration process.

3.1. Modelling Framework
To efficiently investigate sediment pathways under different hydrodynamic conditions, a sediment trans-
port model was developed to identify patterns and trends on a system-wide scale. Simulating the
complex hydrodynamic forcings controlling sediment transport in SFB is computationally expensive,
so an offline coupling between a hydrodynamic model (in D-FLOW) and a sediment tracer model (in
DELWAQ) was applied, eliminating the need to re-calculate the hydrodynamics for each model run.
This section outlines the justification and set-up of the fine sediments model.

3.1.1. Modelling Approach
To understand the sediment dynamics of the SFB system, the complex processes governing the cycle
of erosion and deposition (mixing, flocculation, settling, consolidation, compaction) must be consid-
ered. Collecting the data necessary to describe these processes is difficult. In-situ data collection
requires advanced instrumentation and many measurements are needed to capture spatial and tem-
poral heterogeneity, making such campaigns expensive and labor-intensive. Laboratory experiments
offer opportunities to study small-scale processes in a more controlled environment, but often the ex-
traction of sediment from its natural environment changes its properties (Brand et al. 2015). Numerical
models, however, serve as a valuable tool to study sediment dynamics on a system-wide scale and
can resolve patterns that are indiscernible with in-situ data alone. As a result of past and ongoing
initiatives to better understand the SFB system, a wealth of data has been collected, which can be
used to calibrate and validate numerical simulations. The application of a validated model to explore
scenarios that have not been observed in reality provides a heightened level of system understanding
and an ability to predict system response to a wide range of conditions.

3.1.2. Choice of Model: DELWAQ
This study investigates sediment pathways for a given bathymetry, thus obviating the need to simulate
morphodynamics and making DELWAQ a suitable choice. Pubben (2017) calibrated and validated a
Delft3D FM hydrodynamic model of SFB that captures the complex 3D density-driven circulation patterns
observed in South Bay. The output from the D-FLOW model can be used for an offline coupling with
a DELWAQ simulation, so the complex 3D hydrodynamics do not need to be re-calculated for each
simulation. This reduces the computational run time significantly. To simulate a 14-month period (one
year of interest precluded by two months of hydrodynamic spin-up), the D-FLOW simulation takes
approximately 10 days to run, while the DELWAQ sediments model developed in this study only takes
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11 hours. As described in Section 1.1.2, fine sediments have major implications on water quality, and
the use of DELWAQ to simulate suspended sediment dynamics provides opportunities to link calculated
SPM fields and transport pathways to other water quality modelling initiatives in the SFB region.

3.1.3. D-FLOW/DELWAQ Coupling
In DELWAQ, the transport of mud is numerically described by solving the advection-diffusion equation
with erosion and deposition as bed boundary conditions (Deltares 2017, van Maren 2013). For each
computational volume, the D-FLOW model computes time-dependent hydrodynamics (including water
levels, flow velocities, and vertical dispersion), salinity, and temperature. The bed shear stresses are
also calculated based on hydrodynamic forcings during the D-FLOW simulation. In the case of a D-
FLOW/DELWAQ coupling, the output from Pubben (2017) s hydrodynamic model is used to solve the
3D advection-diffucion equation for fine sediments in DELWAQ, and the bed shear stresses are used to
calculate erosion and deposition fluxes (Achete et al. 2015, Deltares 2016b, 2017). The erosion rate
and suspended sediment concentration scales directly with the bed shear stress, so it is important that
the shear stresses are accurately described in the model. Validation of the calculation of bed shear
stresses by the D-FLOW model was performed by van Kempen (2017), and the methods by which the
magnitude of the stresses were calculated are described in Appendix A.

Figure 3.1: Diagram showing flow of information between coupled D-FLOW and DELWAQ models.

3.2. DELWAQ Model Set-Up
The remainder of this chapter describes the set-up and calibration of the DELWAQ sediment transport
model.

3.2.1. Simulation Time
The hydrodynamics forcing the sediment tracer model come from a D-FLOW model that was calibrated
and validated for W 2013 by Pubben (2017) and adjusted to model W 2015 (October 1, 2014 -
September 30, 2015) by van Kempen (2017). Output from the D-FLOW model simulates one year
following a 2 month spin-up period, for a total of 14 months (August 2014-October 2015). All DELWAQ
simulations began two months after the start date of the D-FLOW simulation to ensure that results were
not skewed by the hydrodynamic spin-up period. Based on data availability and observed hydrodynamic
conditions, W 2015 was chosen as a baseline year to develop and calibrate the DELWAQ model.
Sacramento and San-Joaquin River discharge and SSCs from W 2017 were implemented to observe
how the system responds to high Delta discharge (van Kempen 2017). The hydrographs showing the
differences in Delta discharge between W 2015 and W 2017 are shown in Figure 3.2. In northern
California, the winter of 2017 remains the wettest in recorded history (Downing-Kun et al. 2017).
Further descriptions of the different hydrodynamic scenarios to which the model was applied are given
in Section 4.1.2.
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Figure 3.2: Rate of combined discharge from the San-Joaquin and Sacramento rivers entering the SFB estuary through its
northern boundary. During the baseline year two periods of high Delta discharge deliver pulses of freshwater to the system in
December and February. During the wet year, the period of high delta discharge lasts from December through June, with pulses
of extreme discharge rates observed in February and March.

3.2.2. Hydrodynamics
The water levels, flow velocities, vertical dispersion, temperature, salinity, and bed shear stresses
calculated for each computational volume and each timestep are fed into DELWAQ as output from
the D-FLOW model. The hydrodynamic model accounts for the seasonally varying 3D density-induced
circulation that is described in Section 2.1.4. At river boundaries, it is forced with measured discharge
rates superimposed on the corresponding tidal signal. Waves are calculated in the D-FLOW model
based on wind speed and fetch and water depth. The bottom roughness in the hydrodynamic model
was represented by a constant Manning Coefficient. The wind field is determined based on hourly data
from wind stations throughout the study area and interpolated onto a regular grid using a Wind on
Critical Surface Streamlines (WOCCS) model (Pubben 2017). For further information about the set-up
of the hydrodynamic model, the reader is directed to Pubben (2017) and van Kempen (2017).

3.2.3. Geometry
The unstructured, 3D model grid consists of 10 𝜎-layers and 51,640 segments per layer, making for
a total of 516,400 computational volumes. Each 𝜎-layer represents 10% of the water depth, rather
than a fixed distance above the bed; this is important to bear in mind while interpreting modelled SSCs
linked to a specific vertical layer. The spatial resolution varies over the domain, with coarser rectangular
cells covering the ocean area and most of the primary channel, and finer less regular cells covering the
flats and tributaries. The bathymetry is courtesy of SFEI and UNESCO-IHE (van Kempen 2017). The
domain contains North Bay (Suisun Bay, Carquine Strait, San Pablo Bay, and San Rafael Bay), Central
Bay, and South Bay.

3.2.4. Boundary Conditions
Freshwater enters the model through five river boundaries. At the northeastern boundary, the San
Joaquin and Sacramento rivers discharge freshwater into North Bay via the Delta. In the model, three
main tributaries deliver freshwater directly to South Bay: Coyote Creek, Guadalupe River, and Alameda
River. The five river boundaries are forced with high-frequency (15-minute interval) SSC data courtesy
of USGS (US Geological Survey 2017). Two mud fractions (characteri ed by different fall velocities)
are simulated, and it is assumed that the sediments delivered by rivers consisted of 50% of the lighter
fraction and 50% of the heavier fraction. Additionally, ten wastewater treatment plants are accounted
for in the model and discharge water, but no sediments, into Central and South Bay (San Francisco
Estuary Institute 2017).
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Figure 3.3: Unstructured model grid and river boundaries for D-FLOW and DELWAQ simulations. The five river boundaries shown
are forced with high frequency measured discharge and sediment concentration data.

3.2.5. Bed Model
A number of sediment bed models have been developed to describe the erosion rate of cohesive sedi-
ments. Determining the most appropriate model to apply depends on site specific conditions and the
degree of complexity needed to produce the desired results. Brand et al. (2015) compared four differ-
ent bed models with respect to their ability to interpret SPM and vertical sediment flux measurements
in SFSB. The study concluded that the linear erosion model led the nonlinear erosion model, flux ampli-
tude model, and depth-dependent model in terms of model performance and sensitivity. This suggests
that a formulation where the erosion flux is proportional to excess bed shear stress can be applied to
simulate vertical sediment exchange in South Bay.

Partheniades-Krone Zeroth Order Model
By default, the Partheniades-Krone concept is applied in DELWAQ to calculate the erosion and sedi-
mentation of cohesive sediments (Deltares 2017). Partheniades (1962) proposed an expression that
is widely used to describe the erosion of well-consolidated, homogeneous beds. In his linear model,
the erosion of material is proportional to the excess bed shear stress. The erosion parameter (𝑀)
and critical shear stress (𝜏 , ) are both dependent on local sediment properties and environmen-
tal conditions. Eroded material enters the water column and increases the local suspended sediment
concentration.

𝐸 = 𝑀( 𝜏
𝜏 ,

− 1) (3.1)

with:

𝐸 = erosion rate [𝑔𝑚 𝑑 ]

𝑀 = first order erosion rate [𝑔𝑚 𝑑 ]

𝜏 = bed shear stress [𝑃𝑎]
𝜏 , = critical shear stress for erosion [𝑃𝑎]
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Krone (1962) described sediment deposition with the following formulation:

𝐷 = 𝜔 ⋅ 𝐶 ⋅ (1 − 𝜏
𝜏 ,

) (3.2)

with:

𝐷 = deposition rate [𝑔𝑚 𝑑 ]

𝐶 = concentration of suspended matter near the bed [𝑔𝑚 ]

𝜔 = fall velocity [𝑚/𝑑]
𝜏 = bed shear stress [𝑃𝑎]
𝜏 , = critical shear stress for deposition [𝑃𝑎]

In environments characteri ed by fine sediments, it is common for gross deposition to always occur, with
net deposition observed when the deposition flux exceeds the erosion flux (personal communication,
Thijs van Kessel, April 5, 2018). To represent this, 𝜏 , can be set to a large value, such that Equation
3.2 is reduced to

𝐷 = 𝜔 ⋅ 𝐶 (3.3)

Limitations of Classical Approach
The ”classical” Partheniades-Krone approach has been widely applied to describe surface erosion
and deposition of cohesive sediments. However, the simplicity of this approach lends itself to various
limitations. As the eroth order calculation of resuspension flux is independent of the amount of
sediment available, model behavior is very sensitive to variations in the erosion parameter (𝑀),
leading to a less robust calibration. Further, no equilibrium sediment mass per unit area exists in the
the classical approach - sediment mass approaches ero for areas with high shear stresses or low
sediment supply and infinity for areas with low shear stresses or high sediment supply (van Kessel
et al. 2011). The degree of complexity to which the exchange of sediment between the bed and
the water column is resolved in the classical Partheniades-Krone approach is severely limited as well.
To better resolve processes occurring in the near-bed region and to achieve a more stable model
response, the buffer layer sediment model applied by van Kessel et al. (2011) was implemented in
this study.

Buffer Layer Model
The Partheniades-Krone formulations form the basis of the buffer layer approach, with modifications
to the model made by van Kessel et al. (2011). In this framework, the bed consists of two layers: the
upper layer (the fluff layer), and a layer underneath (the buffer layer). As shown in Figure 3.4, the fluff
layer and buffer layer are abbreviated as S1 (sediment layer 1) and S2 (sediment layer 2), respectively.
The thin fluff layer erodes and accumulates sediment over the course of a tidal cycle, whereas the buffer
layer is only eroded during more energetic conditions, such as spring tides or storms. Conceptually,
the fluff layer is the easily erodible, unconsolidated mud film that forms on top of a solid bed during
slack tide. The buffer layer can be thought of as a sandy matrix with a varying fraction of fines (van
Kessel et al. 2009). It provides temporary storage for cohesive sediments, and resuspension from this
layer is buffered by sand. As this study is focused on the pathways of cohesive sediments, only mud is
exchanged between the bed and the water column. The sandy matrix in S2 buffers the resuspension
of mud stored in this layer, but the sand itself is not mobili ed.

The storage capacity of the buffer layer is dependent on the sediment density, porosity, and thickness
of the lower layer, and the residence time of mud in this layer is dependent on the rate of exchange of
mud with the water column relative to the amount of mud storage. The storage capacity and residence
time in the buffer layer are important calibration parameters, which can be adjusted by altering the
parameters describing bed exchange (𝑀, 𝜏 , 𝜔 ) or by changing the thickness of the buffer layer (𝑑 )
(van Kessel et al. 2011).
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Figure 3.4: Schematic representation of buffer layer model, wherein deposition to S1 and S2 and erosion from S1 and S2 occur
simultaneously. Index j represents cohesive sediment fraction. Mud in the fluff layer has a short residence time, while sediment
can be stored in the buffer layer for longer periods of time between high energy events. S1 is composed of entirely mud, whereas
the buffer layer consists of a sand matrix with a variable mud fraction (van Kessel et al. 2009). In this way, the effect of sand in
the bed is included in the model, but the transport of sand is not.

Deposition
The sedimentation fluxes into layers S1 and S2 are calculated as

𝐷1 = (1 − 𝛼)𝜔 𝐶 ⋅ 𝐷 (3.4)

𝐷2 = 𝛼 ⋅ 𝜔 𝐶 ⋅ 𝐷 (3.5)

where 𝛼 is the fraction of sedimentation entering the buffer layer. The coefficient 𝛼 can represent
infiltration of fines into the lower layer by wave and tidal motion or bioturbation. The parameter 𝐷
represents deposition efficiency and is introduced to control the intensity of the vertical sediment ex-
change between the bed and the water column independently from fall velocity. If 0 < 𝐷 < 1, the
gross deposition flux is reduced compared to the calculated settling flux. Conceptually, this simulates
the formation of a mobile fluff layer, thus enhancing near-bed transport (van Kessel et al. 2011). The
deposition efficiency can be used to control the intensity of the water-bed exchange independently
from the settling velocity (personal communication, Thijs van Kessel, April 5, 2018).

Erosion
One of the limitations of the classical eroth order Partheniades-Krone approach is that the erosion
rate is independent of the amount of sediment available, which is only valid for a bed composed
entirely of mud. In cases where the fluff layer doesn t completely cover the solid bed underneath,
a eroth order erosion flux cannot be assumed. Introducing a first-order erosion rate, which scales
with the mass of sediment in the bed, better represents the case where the roughness height of the
solid bed exceeds the thickness of the fluff layer (see Figure 3.5). Further, the first order calculation
of resuspension implies the existence of an equilibrium sediment mass for any combination of bed
shear stresses and sediment supply. Deviations from the equilibrium mud content in the buffer layer
can serve as a proxy for morphological evolution. The resuspension flux from the fluff layer, S1, is
calculated as:

𝐸1 = 𝑚𝑖𝑛 (𝑚 ⋅ 𝑀 , 𝑀 ) ⋅ ( 𝜏
𝜏 ,

− 1) (3.6)
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with:

𝑚 = mass of sediment in S1 [𝑘𝑔]
𝑀 = eroth order resuspension flux [𝑘𝑔𝑚 𝑠 ]

𝑀 = first order resuspension flux [𝑠 ]

The resuspension flux (𝐸1) is proportional to the excess shear stress times a first order resuspesion
rate until a certain sediment mass per area is reached, beyond which a eroth order resuspension rate
is applied. The transition from first order to eroth order erosion occurs for an absolute sediment mass
of 𝑚 = 𝑀 /𝑀 𝑘𝑔𝑚 (van Kessel et al. 2011).

Figure 3.5: Schematic showing switch between first order (left) and eroth order (right) calculation of resuspension flux. The
upper light brown layer represents the fluff layer, and the lower dark brown layer represents the buffer layer.

A van Rijn (1993) pickup formulation is applied to calculate the re-suspension flux from the buffer layer.
The erosion flux from S2 is proportional to the fraction of mud in S2, not the absolute mass. This is
an important distinction, because in this way the thickness of the buffer layer can be used to tune the
timescales of system response. For the same mass of mud, a thicker buffer layer will have a smaller
fraction of fines, so suspension fluxes will be less. Conversely, vertical sediment fluxes will be higher
for a thinner S2 layer. The excess shear stress is raised to the power of 1.5, an empirically determined
value for the mobili ation of sand (van Rijn 1993).

𝐸2 = 𝑝 𝑀 ( 𝜏
𝜏 − 1)

.
(3.7)

𝑝 = 𝑚
𝑑 (1 − 𝑛 ) 𝜌 (3.8)

𝑀 = 𝐹 ∗ 𝜌 ((𝑠 − 1) 𝑔𝐷 ) . 𝐷 .
∗ (3.9)

𝑝 = fines fraction in S2 [−]
𝑑 = thickness of layer S2 [𝑚]
𝑛 = porosity of layer S2 [−]
𝐹 = van Rijn (1993) pickup factor [−]
𝑠 = 𝜌 /𝜌 [−]
𝑔 = gravitational acceleration (9.81 𝑚𝑠 )

𝐷∗ = 𝐷 ((𝑠 − 1) 𝑔/𝜈 ) /
= dimensionless particle si e [−]; 𝜈 = kinematic viscosity [𝑚 𝑠 ]

𝐷 = grain si e of sand buffer [𝑚]
𝜏 = critical shear stress for sand mobili ation in buffer layer [𝑚]
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3.2.6. Initial Bed Composition
The bed composition at the start of the model defines the amount of each sediment fraction initially
present in the bed. Once the simulation starts, sediments will be redistributed throughout the model
domain until the hydrodynamics are in dynamic equilibrium with the bed - finer sediment will settle
in calmer areas and will be swept away from areas with higher shear stresses. The time before this
dynamic equilibrium is achieved is called a model spin-up period, and the closer the initial bed com-
position is to equilibrium conditions, the less time is required for the model to adjust. During spin-up,
the model does not not necessarily simulate realistic behavior, as the bed composition is still adjusting
to hydrodynamic conditions. As explained in Section 3.2.5, for a given shear stress environment and
sediment supply, an equilibrium mass of mud in the buffer layer framework exists. A Bed Composition
Generation (BCG) simulation was done to determine an appropriate initial sediment bed composition.

Bed Composition Generation Simulation
A BCG run is a numerical simulation that allows for the redistribution of sediments to create a bed
composition condition that is closer to dynamic equilibrium than a uniform sediment distribution. The
goal is to reduce the magnitude of unrealistic behavior observed during the model spin-up period. An
initial guess for the bed composition distribution was created. In layer S1, mud was initiali ed on the
flats (defined as shallower than 5m depth), as shown in Figure 3.7. The initial mass of mud in the
fluffy layer (S1) was estimated based on observed fluctuations of SSC over the tidal cycle and the local
water depth. The mass in the fluffy layer can be estimated by Δ𝐶 ⋅ ℎ (van Kessel et al. 2011). Layer S2
was initiali ed as being spatially uniform with an initial mud fraction (𝑝 ) of 0.3. The model was forced
with hydrodynamics simulating W 2015. The resulting sediment map was used as input for another
simulation forced with the same hydrodynamics. This process was repeated 11 times as the amount
of mud per area in the bed converged towards an equilibrium mass. The following map shows the
results of the BCG ”spin-up” and was used as the initial bed composition in the model. After the BCG
process, the sandy sediments had mostly settled in the channels and the fine sediments had settled
on the flats, which is consistent with observations and expectations based on the distribution of bed
shear stresses (Achete et al. 2015, van der Wegen et al. 2010, 2011).

Figure 3.6: Initial bed composition for DELWAQ simulations as determined by BCG runs. The thin (on the order of 1 mm) fluffy
layer is composed of pure mud. The buffer layer has a fixed thickness of 0.1 m, and the fines fraction (3.8) in this layer varies.
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Figure 3.7: Distribution of mud in the fluffy layer (S1) and buffer layer (S2) before and after the BCG procedure. The result of
the BCG simulation is imposed as an inital condition for the DELWAQ model.

3.2.7. Mud Parameters
Mud transport can be modelled by defining the settling velocity of sediment (𝜔 ), the critical shear
stress for erosion of the bed (𝜏 , ), and the erosion parameter (𝑀). Due to flocculation, the fall
velocities of muddy fractions are representative of floc settling rates, not those of individual mud
particles. Previous studies were used to determine initial best guesses for the parameters controlling
mud transport in South Bay, and a model calibration was done to tune these values.

Previous Studies
Motivated by the broad implications of fine sediments on water quality, habitat restoration, and naviga-
tion, various studies have identified mud transport characteristics throughout SFB. The relevant findings
of these studies are explained here and used to identify initial values for the parameters applied in the
DELWAQ model prior to calibration.
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Table 3.1: SFB fine sediment transport parameters from literature. The range of values applied or determined in each
study is shown.

𝜔 [𝑚𝑚𝑠 ] 𝑀[𝑔𝑚 𝑠 ] 𝜏 , [𝑃𝑎] Location

0.1-0.25 0.02 0.15-1.05 Suisun Bay

0.1-0.275 0.018 0.1-1.1 Suisun Bay

0.15-0.38 0.025-10 0.125-0.5 San Pablo Bay

0.024-0.4 0.1 0.05-0.8 San Pablo Bay

- 0.013-0.047 0.1-0.4 Alcatra

2.8 - 0.049 Richmond

1.0 - 10.0 - - ATF

- - 0.12-2.56 ATF

0.4-1.0 0.01-0.05 0.3-0.4 North Bay

7.0e-4 - 0.9 0.068-0.274 0.068-0.11 South Bay

0.011-1.62 - 0.25 South Bay

1 - Ganju & Schoellhamer (2009); 2 - Ganju et al. (2007); 3 - Achete et al. (2015); 4 - van der Wegen
et al. (2011); 5 - Teeter (1987); 6 - Sternberg et al. (1986); 7 - Kranck & Milligan (1992); 8 - Jones (2008);
9 - McDonald & Cheng (1997); 10 - Brand et al. (2015); 11 - van Kempen (2017)

As summari ed in Table 3.1, various studies determined mud transport parameters via in-situ measure-
ments (Kranck & Milligan 1992, Sternberg et al. 1986), and laboratory experiments (Jones 2008, Teeter
1987). Appropriate values were also chosen and applied in numerical modelling studies (Achete et al.
2015, Brand et al. 2015, Ganju & Schoellhamer 2009, Ganju et al. 2007, McDonald & Cheng 1997,
van der Wegen et al. 2011, van Kempen 2017). Previous investigations of sediment dynamics in SFB
provide a range of reasonable values to apply in the calibration of the DELWAQ model in this study. To
determine the most appropriate values to describe sediment dynamics in South Bay using the Buffer
Layer Model, the model was calibrated using measured SSC data. This procedure is discussed in the
next section.

3.2.8. Model Calibration
The model was calibrated based on measured suspended sediment concentrations collected by USGS
and provided by SFEI. High-frequency (15-minute interval) SSCs were collected during W 2015 at
Dumbarton Bridge at two elevations, approximately 1.2 m and 7.6 m above the bed. Suspended
sediment data is also available at other locations throughout the Bay, but not for the time period of
calibration (W 2015). These data were used to compare model results to the measured values at the
corresponding location and elevations. Table 3.2 shows the range of parameters that were used to
calibrate the model.

The measured time series at the Dumbarton measurement station were recorded at two fixed ele-
vations above the bed, and the corresponding modelled SSC time series were extracted from model
observation points associated with the tenth (bottom) and sixth vertical layers. The sum of the RMSEs
between the measured and modeled SSC values closer to the bed (1.2 m) and higher in the water
column (7.6 m) at Dumbarton Bridge were used to evaluate model performance. One parameter was
altered at a time, and three-to-four values were tested for each parameter. The value that yielded the
lowest combined RMSE value was applied as the next parameter was tuned.

The fall velocity of both mud fractions (𝜔 , 𝜔 ), the first and eroth erosion rate from the fluffy layer
(𝑀 , , 𝑀 , ), the erosion rate from the buffer layer (𝑀 ), and the critical erosion thresholds for both
bed layers (𝜏 , , 𝜏 , ) were prioriti ed as calibration parameters. The parameter settings that
yielded the best model performance, as determined by the lowest combined RMSE, are given in Table
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Figure 3.8: USGS measurement station at Dumbarton Bridge (Station 373015122071000) is indicated with red marker. High-
frequency suspended sediment concentration data from two elevations in the water column was used to calibrate the DELWAQ
sediments model.

3.2. The calibration revealed that resuspension from the fluffy layer is more sensitive to the eroth
order erosion parameter than the first order erosion parameter. When tuning the fall velocities, the
SSC time series was only significantly impacted when the fall velocity of the heavier sediment fraction
was less than 0.5 mms-1. See Appendix C for plots showing the sensitivity of SSCs to each parameter.

The RMSE of the final parameter settings is 133 mg/L at the point closer to the bed and 84 mg/L at the
point near the surface. The model captures SSC fluctuations corresponding to the spring/neap tidal
signal better than fluctuations over the ebb-flood timescale, as shown by the daily averaged time series
shown in Figure 3.9. The RMSE between daily averaged modelled and measured SSCs is 64 mg/L near
the bed and 56 mg/L at the point higher in the water column. The modelled SSC at Dumbarton Narrows
is underestimated for the period between March and August, a time during which strong diurnal winds
are observed in the Bay Area (see Figure 3.9). This discrepancy could be caused by a number of factors
discussed in Section 5.1.1.

Table 3.2: Range of values used to tune mud transport parameters during model calibration.

Parameter Range of Values Tested Value Applied
Low High

𝜔 [𝑚𝑚𝑠 ] 0.25 0.75 0.50

𝜔 [𝑚𝑚𝑠 ] 0.05 0.15 0.10

𝑀 , [𝑘𝑔𝑚 𝑠 ] 0.0001 0.0120 0.0006

𝑀 , [𝑑 𝑠 ] 0.5 20 1

𝜏 , [𝑃𝑎] 0.1 0.3 0.15

𝜏 , [𝑃𝑎] 0.85 0.95 0.90

𝑀 [−] 3.0E-07 3.0E-05 3.0E-06
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Figure 3.9: Modelled versus measured suspended sediment concentrations at Dumbarton Bridge measurement station. Measured
values shown were taken 1.2m above the bed, and the modelled values shown were extracted from the x and y coordinates
corresponding to the measurement station at 10% of the water depth. The yellow box shows a time period during which
measured SSC behavior is not well captured by the model. The correlation between measured and modelled values is over twice
as strong when this period is excluded from consideration, as discussed in Chapter 5.

3.2.9. Model Output
Observation areas - areas in the model domain at which information is stored - were established in
the form of observation points and transects (cross-sections). Observation points consist of individual
computational volumes at which specified variables are monitored. They can be defined for a specific
vertical layer or depth averaged. Transects are continuous vertical surfaces extending through the depth
of the water column across which fluxes are measured during simulations. Twenty eight transects and
32 observation points were created, as seen in Figure 3.10. For an explanation of how the cross-sections
are defined in the DELWAQ model, see Appendix D.

3.2.10. Sediment Tracers
The processes governing sediment dynamics vary spatially throughout SFB. North Bay receives large
inputs of freshwater from the Sacramento-San Joaquin River Delta, whereas South Bay water proper-
ties are dependent on density-driven exchanges between Central Bay and South Bay. The different
geometries of North and South Bay mean that tidal and wind forcing impact fluid dynamics differently
in the northern and southern reach. Within South Bay, wind wave resuspension plays a larger role on
the shallow flats, while vertical and hori ontal density gradients are more present in the deep channel.
To study the behavior of sediments in different parts of the Bay, sediments originating in different areas
of the model domain and sediments entering through each of the five river boundaries were labeled
and their pathways traced over various simulations. Figure 4.1 shows a map of the sediments labeled
in the bed.

The DELWAQ model that was developed and calibrated in this study serves as a powerful tool to study
the complex mechanisms that influence sediment dynamics in SFB. The following chapter presents the
results of the application of the sediment transport model to various hydrodynamic scenarios.
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Figure 3.10: Monitoring cross-sections (transects) established throughout model domain. Sediment fluxes are measured across
each transect over the course of a simulation, allowing for gross and cumulative sediment fluxes to be calculated.





4
Results

During the first phase of this study, a DELWAQ sediments tracer model was developed and calibrated to
simulate sediment transport in San Francisco Bay. During the second phase, the calibrated model was
applied to D-FLOW hydrodynamics to achieve a better understanding of sediment pathways in South
Bay and to address the research questions motivating this study. Three simulations were executed
tracing the pathways of specific sediments, and the model was applied to four different hydrodynamic
scenarios to isolate the effects of wind, density-driven circulation, and extreme rates of Delta discharge.
The results of these applications are presented here.

4.1. Model Application
One of the major advantages of numerical models over measured data is that they can be easily applied
to study a range of time periods representing various conditions. To address the research questions
posed in Section 1.3, the DELWAQ model set-up was adjusted to study specific sediment pathways
under various hydrodynamic scenarios, which are described here.

4.1.1. Sediment Tracers
Tracing sediments initiali ed in different areas of the bed or entering the system through river bound-
aries reveals information about the relative contribution of sediments from different origins to sediment
transport. Due to the large amount of data produced by the tracer simulations, deciding which sedi-
ments to trace for different scenarios was a tradeoff between the number of sediment labels applied
and the length of the simulations. Three tracer simulations were run to study the pathways of specific
sediments.

1. Baseline Tracer Simulation (WY 2015): The bed was categori ed into ten different areas:
Suisun Bay, Carquine Strait, San Pablo Bay, San Rafael, Central Bay, Channel (SB), West Flat
(SB), East Flat (SB), South of Dumbarton, and ”other” (see Figure 4.1). Sediments entering
through the San Joaquin and Sacramento Rivers were collectively labeled as ”Delta” sediments.
Sediments entering through the Guadalupe, Alameda, and Coyote tributary boundaries were each
given a unique label. Simulating fourteen sediment tracers, each consisting of two mud fractions,
is computationally expensive and generates enormous output files. For this reason, the labeled
sediments were only simulated for one year representative of baseline conditions, W 2015.

2. North Bay Simulation (5 years): To better understand how sediments enter and are redis-
tributed within South Bay, a series of simulations was run with a ”North + Central Bay” tracer, in
which sediments starting north of Bay Bridge (Central Bay, San Rafael, San Pablo Bay, Carquine
Strait, Suisun Bay, and Delta sediments) were collectively labeled and traced over the course of
five years (each year with the same W 2015 hydrodynamics). Only Delta sediments entering
the system during the first year were labeled and traced.

3. Delta Sediments Simulation (4 years): A tracer simulation of four years was executed to
study the pathways taken by sediments entering through the San Joaquin and Sacramento River

35



36 4. Results

Delta. In this simulation, only sediments entering the system through the Delta during the first
year were labeled and traced.

Figure 4.1: Map of the model domain showing how the sediments in the initial bed were labeled during the first tracer simulation.
In addition to the 11 areas of the bed that were labeled at the start of each simulation, sediments entering through the five
river boundaries represented in the model (Sacramento River, San-Joaquin River, Alameda Creek, Guadalupe River, and Coyote
Creek) were labeled as well.

4.1.2. Hydrodynamic Scenarios
Hydrydynamics from W 2015, representing baseline conditions, were used to calibrate the DELWAQ
model; following calibration, the model was applied to different hydrodynamic scenarios to better
understand the driving mechanisms of sediment transport in SFB. The four hydrodynamic simulations
were run in Delft3D FM by van Kempen (2017). Complete data (discharge and sediment concentrations)
was not available for all of W 2017, representative of a particularly wet year. The wet year and
barotropic simulations were therefore run with hydrodynamics from W 2017 up until July 19th, 2017
after which the hydrodynamics from July 20th-October 1st, 2015 were applied. The period of missing
data is during the dry season, so freshwater and sediment inputs during this period are not likely to
vary significantly between W 2015 and W 2017. Hydrographs showing Delta discharge for W 2015
and W 2017 are shown in Figure 3.2. Water temperature and salinity for each of the 516,400 grid
cells was provided hourly by the D-FLOW model.
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Table 4.1: Hydrodynamic scenarios to which DELWAQ model was applied.

Name of Simulation Time Period Temp. & Sal. Wind

Baseline W 2015 Hourly Hourly

Wet ear W 2017 Hourly Hourly

No Wind W 2015 Hourly None

Barotropic W 2017 None Hourly

Complete data for W 2017 was not available at the time these simulations
(Wet ear and Barotropic) were run. Therefore the time period modelled is
01/08/2016-19/09/2017 & 20/09/2015-01/10/2015.

The salinity and temperature fields impact sediment transport in two ways. First, gradients in water
density induce 3D circulation patterns, which advect suspended sediments and can significantly influ-
ence sediment pathways. This effect is accounted for in the hydrodynamics computed by the D-FLOW
model. To study the impact of temperature and salinity-induced density-driven currents on sediment
transport, the barotropic simulation excluded the temperature and salinity fields. Salinity and tempera-
ture (in addition to other water properties) also impact the flocculation and settling rates of suspended
particles. The impacts of temperature and salinity on flocculation rates and settling can be simulated
in DELWAQ, as explained in Appendix B, but were not implemented in this study.

Sustained wind shear on the water surface can generate currents, and wind can also generate waves.
The combined, non-linear effect of wind-induced currents and waves on sediment transport is ac-
counted for in the bed shear stresses computed by the D-FLOW model, as wind is not simulated in
DELWAQ. See Appendix A for details about the calculation of the bed shear stresses. The same wind
forcing from W 2015 was applied to the three scenarios with wind (baseline, wet year, and barotropic).

4.2. Tracer Analysis
The remainder of this chapter presents the results of the model applications. This section discusses
the results of the three DELWAQ simulations with varying sediment tracer configurations.

4.2.1. Tracer Simulation I: One Year, 14 Tracers
The baseline tracer simulation traced the pathways of fourteen groups of sediments over the course
of one year (W 2015). These results resolve the differences in sediment behavior in different areas
of the Bay-Delta system; however, they are only representative of the conditions observed during W
2015. The labels referred to ten different areas of the bed, sediments entering from the Delta, and
sediments entering from each of the three local tributaries (Figure 4.1). The output from the tracer
simulation contains a wealth of information about where sediments of different origins go, when this
transport occurs, and the mechanisms controlling residual sediment fluxes. To get an idea as to what
controls South Bay s sediment budget, the contributions of different sediments to flux across Bay Bridge
(at the mouth of South Bay) and across Dumbarton Narrows (landwards boundary of area considered
in this study) were evaluated.

Figure 4.2 shows the cumulative sediment flux across Bay Bridge and Dumbarton Narrows of sediments
starting in different areas of the bed or entering through river boundaries. The largest contributors
to South Bay sediment import across Bay Bridge (residual landwards transport) for the simulated W
2015 are San Pablo Bay (332 kT), Central Bay (193 kT), and Suisun Bay (78 kT). Only 25kT of Delta
sediments enter and remain in South Bay, which is less than 10% of the amount of San Pablo Bay
sediments entering over a one-year period.

The transport of east flat and west flat sediments across the Bay Bridge and Dumbarton transects is
enhanced during wind events, as shown by a steepening of the cumulative transport curves in Decem-
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Figure 4.2: Contribution of different sediment tracers to cumulative transport across Bay Bridge and Dumbarton Narrows. The
seawards flux of sediments originating south of Dumbarton Narrows is not shown. See Figure 4.1 for a map of the sediment
labels.

ber, the beginning of January, and August (Figure 4.2). The impact of wind wave resuspension on
sediment transport in South Bay is further discussed in Section 4.2.1.

Figure 4.3: Initial and final distribution of Delta sediments and San Pablo Bay sediments in the bed after 1 year (W 2015).
Approximately 332 kT of sediment originating in the bed of San Pablo Bay enter and remain in South Bay; only 25 kT of Delta
sediments enter and remain in South Bay during the W 2015 simulation.

The dispersal of sediments originating in the bed in San Pablo Bay was compared to the dispersal of
sediments entering through the Sacramento and San Joaquin Rivers during W 2015 (Figure 4.3). Most
Delta sediments entering the model settle landwards of Carquine Strait for the W 2015 simulation,
during which the maximum observed Delta discharge rate was approximately 2,000 m3/s.

South Bay Sediments
Sediments originating in the bed in South Bay contributed more to landwards flux into southern SFSB
(south of Dumbarton Narrows) than those entering South Bay across Bay Bridge. Sediment fluxes of
mud initiali ed on the east flat, west flat, and in the channel between Bay Bridge and Dumbarton Nar-
rows were compared to investigate differences in behavior between sediments originating in different
areas.

The sum of each type of sediment exiting the system (landwards across Dumbarton Narrows and
seawards across Bay Bridge) was calculated. Of the total amount of sediment exiting South Bay, ap-
proximately 13% of exported west flat sediments, 8% of exported east flat sediments, and 22% of
exported channel sediments were transported landwards into southern South Bay, indicating that the
primary pathway for sediment removal from the system is seawards across Bay Bridge.

Comparing the net flux and the gross flux of sediments originating in South Bay (Figure 4.4) shows
that residual sediment transport is the net result of unbalanced oscillatory fluxes driven by the tide.
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The transport of sediment originating on the flats across Bay Bridge and Dumbarton Narrows is more
episodic than that of sediment originating in the channel, likely due to the resuspension of sediments
on the flats during wind wave events. Section 4.2.1 discusses the correlation between wind events,
suspension on the flats, and the resulting transport across Bay Bridge and Dumbarton Narrows.

Figure 4.4: Behavior of sediments starting in the bed in South Bay. Sediments initiali ed in the bed in South Bay are categori ed
as east flat, west flat, or channel sediments (see Figure 4.1 for a map of the different sediment tracers). The net flux and gross
flux of these three types of sediment are shown for two transects at the seawards and landwards boundaries of South Bay: Bay
Bridge and Dumbarton Narrows.

Resuspension on the Flats
Resuspension of sediments on the shallow tidal flats occurs when currents and wave action induce
shear stresses at the bed that exceed the critical erosion threshold. Figure 4.5 shows the relationship
between the modelled gross sediment flux at the seawards and landwards boundaries of South Bay,
SSC, and wind. The results show that the wind direction affects local SSCs on the eastern and western
flats. Southerly winds are more likely to cause high SSCs further north on the flats (at points EF1 and
WF1). Conversely, northerly winds are more likely to cause high SSCs further south on the flats (at
points EF4 and WF3). Comparing the daily averaged sediment flux across Bay Bridge (orange line) and
Dumbarton Narrows (gray line) to SSC concentrations on the flats suggests that high sediment concen-
trations further north could cause higher sediment fluxes across Bay Bridge and higher concentrations
further south could cause higher sediment fluxes across Dumbarton Narrows. For both east flat and
west flat sediments, spikes in SSC at the southern most observation point correspond to the largest
magnitude of sediment flux landwards across Dumbarton Narrows, which implies that northerly winds
could contribute to the trapping of sediment in southern SFSB. Westerly winds (which are dominant
during the summer months) contribute to resuspension on the east flat, but have less of an effect west
flat, likely due to differences in fetch.
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(a) Top: Daily averaged net flux of sediments originat-
ing in the bed on the west flat across Bay Bridge and
Dumbarton Narrows. Middle: Daily-averaged SSC at
mid-depth at three points: WF1, WF2, and WF3 located
respectively on the northern, central, and southern west
flat (3.10). Bottom: Hourly wind speed (above 5m/s
threshold) and direction given by yellow triangles.

(b) Top: Daily averaged net flux of sediments originat-
ing in the bed on the east flat across Bay Bridge and
Dumbarton Narrows. Middle: Daily-averaged SSC at
mid-depth at four points (listed from north to south)
EF1, EF2, EF3, and EF4 (3.10). Bottom: Hourly wind
speed (above 5m/s threshold) and direction given by
yellow triangles.

Figure 4.5: Relationship between daily averaged net flux of sediments originating on the eastern or western flat, SSC on the
corresponding flat, and wind events. ellow triangles represent times at which the hourly wind speed exceeds a 5 m/s threshold
and corresponds to an ebb period (low water). Arrows pointing up represent winds from the south (225-180 N), arrows pointing
down represent winds from the north (<45 N or >315 N), arrows pointed to the right represent winds from the west (225-
315 N), and arrows pointed to the left represent wind from the east (45-135 N). The vertical green bands show the time periods
corresponding to large pulses of Delta discharge.

Figure 4.6 shows the relationship between modelled water depth and SSC near the bed at a point on
the west flat during a wind event. The hourly values show that peak SSC concentrations in the DELWAQ
model correspond to low water; the same trend is observed on the east flat. This suggests that the
timing of strong winds and wave generation relative to the semi-diurnal tidal cycle is an important
factor in determining SSC values and sediment fluxes. It should be noted that the modelled SSC values
were extracted from observation points associated with a specific vertical 𝜎-layer. As a fixed fraction
of the water depth, the height of a 𝜎-layer above the bed varies with water depth, so the relationship
between SSC and water depth is affected by the fact that at low water, the observation point is closer
to the bed than at high water. This matter is further discussed in Section 5.1.1.

Local Tributaries
Three of the local tributaries that deliver sediments directly to South Bay are accounted for in the
DELWAQ model: Alameda Creek, Guadalupe River, and Coyote Creek. The Guadalupe River and Coy-
ote Creek deliver freshwater and sediments through South Bay s landwards boundary near San Jose.
The flux of sediments from these two tributaries seawards across Dumbarton Narrows is insignificant
(orders of magnitude less) compared to the magnitude of sediments entering the main body of South
Bay from Alameda, therefore the pathways of sediments from Guadalupe and Coyote Creek were not
considered in this analysis.

Figure 4.7 shows the behavior of sediments entering South Bay from Alameda Creek. The sediment
budget shows that sediments are delivered episodically, presumably after a local precipitation event,
as the Alameda river drains from a local watershed. The sediment budget suggests that after pulses of
Alameda sediments enter the system, some slowly exit South Bay seawards via Bay Bridge and some
are removed from the system landwards, south of Dumbarton Narrows. Of the 22.3 kT of Alameda
sediments that enter over the course of the year simulated, approximately 50% are exported across
Bay Bridge and less than 1% travel and remain south of Dumbarton Bridge. The remaining Alameda
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Figure 4.6: Relationship between wind, water depth, and SSC near the bed at WF1 (northern west flat) observation point. The
highest SSC concentrations during this wind event are observed at low water, as shown by the gray vertical lines corresponding
to SSC peaks.

sediments have a retention time in South Bay of longer than 9 months. The first pulse of Alameda
sediments in December corresponds to a period of high Delta discharge, which influences the nature of
water exchange between South Bay and Central Bay at Bay Bridge. Tracing the pathways of Alameda
sediments for years with different hydrodynamic conditions could determine how the timing of Alameda
discharge events relative to periods of high Delta discharge impacts the retention time of local (from a
local watershed) sediments in South Bay.

Figure 4.7: Behavior of sediments entering South Bay from Alameda Creek. The cumulative transport and net fluxes shown
across the Bay Bridge transect and Dumbarton Narrows transect are only representative of sediments that enter the model
domain via the Alameda River boundary. Of the 22.3 kT of sediment that enter from Alameda over the course of the year,
approximately 50% are exported across Bay Bridge and less than 1% travel and remain south of Dumbarton.

4.2.2. Tracer Simulation II: Five years, North Bay Sediments
To investigate the fate of sediments entering South Bay via Bay Bridge, sediments starting north of
Bay Bridge (including Central Bay, North Bay, and Delta Sediments) were traced over a five-year pe-
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riod during which each year the hydrodynamics from W 2015 were repeated. During the first year,
sediments starting in the bed north of Bay Bridge and sediments delivered by the San Joaquin and
Sacramento Rivers (Delta Sediments) were collectively labeled as ”North Bay Sediments.” Only sedi-
ments entering the model through the Delta during the first year were labeled and traced - sediments
entering during subsequent years were not. The fate of these sediments is shown in Figure 4.8. The
maps show that sediments entering South Bay tend to settle on the west flat and in the trench caused
by dredging activities in the middle of South Bay. Further, sediments have a tendency to settle along
the western bank of the primary channel that cuts through South Bay. This observation is consistent
with findings by van der Wegen & Jaffe (2014) s research into the controlling factors of accretion and
narrowing of the major tidal channel observed further north in San Pablo Bay. Of the 1,600 kT of North
Bay sediments that contribute to net landwards flux across Bay Bridge over the five year simulation
period, approximately 10% are transported landwards across Dumbarton Narrows into far SFSB.

Figure 4.8: Distribution of North Bay sediments after a five-year simulation of the baseline year hydrodynamics. The initial
sediment distribution is the result of the model spin-up procedure described in Section 3.2.6, which is why the sediment tracer
is not uniformly distributed throughout Central and North Bay at T=0 years.

4.2.3. Tracer Simulation III: Four Years, Delta Sediments
Conventional wisdom is that sediment enters via the deep channel during periods of high Delta dis-
charge and is redistributed on the shoals by wind waves in the summer (Brand et al. 2010, Conomos
et al. 1985), but the origin of the sediments and the mechanisms that bring them into South Bay are
uncertain. A tracer simulation was done to investigate the pathways of sediments entering the system
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via the San Joaquin and Sacramento rivers during the first year of the simulation. These sediments
were traced over the course of four years. The first three years simulate W 2015 (maximum Delta
discharge of approximately 2,000 m3/s), and the fourth year simulates W 2017, a wet year (maximum
Delta discharge exceeding 10,000 m3/s).

Figure 4.9: Sediment budget for Central Bay, only considering sediments originating from the San Joaquin and Sacramento
Rivers during the first year of the four-year simulation. Positive transport is defined in the direction of the arrows (seawards
across San Rafael, seawards across Golden Gate, and landwards across Bay Bridge).

Figure 4.9 shows the amount of Delta sediments entering and leaving Central Bay during each year
of the simulation. During the first year, the labeled Delta sediments were delivered to the system; of
the 203 kT of Delta sediments that passed landwards of the San Rafael transect during the first year,
160 kT (79%) of sediments exited the system via Golden Gate, and 26 kT (13%) entered South Bay.
Most sediments delivered to the system settled landwards of Carquine Strait during the first year (see
Figure 4.3). During years two and three, which simulate the same hydrodynamics as the first year, the
residual transport of the Delta sediments across Bay Bridge is seawards directed, meaning that more of
the first year Delta sediments exit South Bay than enter. The fourth and final year simulated W 2017
hydrodynamics, with extreme Delta discharge rates. The results show that the third and final Delta
pulse (mid-February) with discharge rates exceeding 10,000 m3/s contributed significantly to seawards
transport of Delta sediments that had settled in North Bay during the first year. During the fourth year,
36 kT of first-year Delta sediments entered Central Bay across the San Rafael transect, 21% of which
were imported into South Bay.

The first two pulses of Delta freshwater observed during W 2017, with maximum discharge rates of
approximately 2,700 and 8,000 m3/s did not suspend and transport first-year Delta sediments as effec-
tively as the third, extreme pulse. As shown in Figure 4.9, until the yearly maximum Delta discharge
rates were observed in mid-February, the gross fluxes of first-year Delta sediments are smaller for the
fourth year (red) than for the preceding three years (blue). In mid-February, the gross fluxes of traced
sediments are bigger than those modelled during the second and third year.

The residual transport of traced sediments landwards across Bay Bridge during the fourth year was
28.5% the amount of residual transport modelled during the first year, when the sediments were
delivered to the estuary. This suggests that extreme pulses of freshwater from the Sacramento and
San Joaquin Rivers can effectively suspend and transport sediment that has previously accumulated in
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North Bay from past Delta pulses.

4.3. Model Application to Different Hydrodynamic Scenarios
To better understand the mechanisms controlling sediment transport into and within South Bay, the
DELWAQ model was applied to four hydrodynamic scenarios: the baseline case (W 2015), a particu-
larly wet year (W 2017), W 2015 with no wind, and W 2017 without temperature and salinity.

4.3.1. Residual Flux
The cumulative flux across each transect was calculated based on gross fluxes observed over the
course of each simulation. The final magnitude and direction of the cumulative transport across each
transect represents the residual transport over the course of a year. The plots in Figure 4.10 show
how the magnitude, and in a few cases direction, of the residual transport changes for the different
hydrodynamic scenarios.

4.3.2. No Wind
Wind can influence transport patterns by generating wind-induced currents and by generating waves
that entrain sediments in the water column. Compared to the baseline scenario, the direction of resid-
ual transport across all transects is the same with or without wind. The major difference between these
two cases is that the magnitude of residual transport in the no wind case is much less than that for the
baseline case. This is likely due to the fact that wind generates waves that suspend sediments on the
flats, making them available for transport.

The comparison of residual transport across Bay Bridge during the simulation of W 2015 and the case
without wind (Figure 4.12a) shows that the magnitude of landwards residual flux across the mouth of
South Bay is 44% less when wind is excluded from the model. This could be attributed to a lack of
sediment suspension on the flats in North Bay during the no-wind scenario. As illustrated by Figure
4.11, the cumulative transport into San Pablo Bay across Carquine Strait is only reduced by 18% by
excluding wind, but the cumulative transport out of San Pablo Bay through San Rafael is reduced by
68%. This indicates that wind plays a role in suspending sediments in San Pablo Bay, making them
available for transport seawards towards Central and South Bay.

4.3.3. Wet Year
The direction of residual flux across Bay Bridge (the mouth of South Bay) is in opposing directions for
the baseline simulation and the wet year simulation; there is a net export of sediment during W 2015
and a net import of sediment during the wet year simulated. Figure 4.12b provides insight into the
direction of residual transport across Bay Bridge under different conditions. During the wet year, more
sediment travels landwards across the Bay Bridge transect near the bed than in the W 2015 case. The
bulk of this landwards transport occurs between January and August. During this period following high
and extreme Delta discharge rates an amplified classical estuarine circulation pattern can be observed;
South Bay has recently been freshened and Central Bay returns to oceanic values. During this period,
bottom currents at Bay Bridge are directed landwards, and the residual landwards flux near the bed is
accelerated, as seen by the steepening of the cumulative transport curve.

Tide Error
An error in the tidal forcing for the W 2017 simulations (Wet ear and Barotropic) was reali ed
without ample time to re-run the D-FLOW model. The tidal signal superimposed on river discharge
at the San Joaquin and Sacramento River boundaries is 180 out of phase with the correct signal
imposed at the sea boundary. The impact of this error on modelled sediment transport is unknown,
however it may be responsible for differences in sediment fluxes near the bed across Bay Bridge
between the baseline and wet year simulations prior to December. From October-December, the
the Delta discharge magnitudes for W 2015 and W 2017 are comparable, so it is expected that
sediment fluxes during this period are comparable as well.
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Figure 4.10: Residual sediment transport over the course of one year for four different hydrodynamic scenarios. The width of the
arrows scales with the normali ed magnitude of residual transport. The transport magnitudes for all scenarios were normali ed
by the same value, so the relative magnitude of transport can be compared for all simulations. The no wind simulation is is the
same as the W 2015 baseline simulation, but without wind. The barotropic simulation is the same as the wet year simulation,
but without temperature and salinity.

4.3.4. Barotropic
Figure 4.12c shows the difference in sediment flux across Bay Bridge for the wet year and for the sim-
ulation excluding salinity and temperature. The residual transport including density-driven circulation
is two orders of magnitude greater than that during the barotropic simulation. The impact of baroclinic
circulation on sediment exchange at Bay Bridge is illustrated by comparing the behavior of sediment
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Figure 4.11: Comparison of sediment budgets for San Pablo Bay for the baseline simulation and the simulation without wind. The
net import is calculated as the difference between residual transport into San Pablo Bay through Carquine Strait and residual
transport out of San Pablo Bay across the San Rafael transect.

fluxes near the surface and near the bed during the wet year and barotropic simulations. The plot on
the right of Figure 4.12c shows that the direction of net near-bed and near-surface sediment transport
responds to varying levels of Delta discharge during the wet year simulation, but during the barotropic
simulation the direction of net surface fluxes is consistently seawards and the direction of net bottom
fluxes is consistently landwards for the entire simulation.
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(a) Comparison of cumulative transport across Bay Bridge for the baseline simulation and the no wind simulation.
The residual transport across Bay Bridge is approximately 44% less for the case without wind.

(b) Comparison of cumulative transport across Bay Bridge for the baseline (W 2015) simulation and the wet
year (W 2017) simulation. The maximum Delta discharge during W 2015 is approximately 2,000 m3/s, and the
maximum discharge rate for W 2017 exceeds 10,000 m3/s.

(c) Comparison of cumulative transport across Bay Bridge for the wet year simulation and the barotropic simulation,
both forced with Delta discharge rates from W 2017.

Figure 4.12: Comparisons of daily averaged cumulative transport across Bay Bridge transect between (a) the baseline and no
wind simulations, (b) the baseline and wet year simulations and (c) the wet year and barotropic simulations. The plots on the
right show the cumulative transport across Bay Bridge transect near the surface (upper three vertical layers of the water column)
and near the bed (lower three vertical layers of the water column.
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4.3.5. Exchange of Sediments between the Channels and the Shoals
Figures 4.13 and Figure 4.14 show sediment fluxes measured across transects separating the primary,
deep channel from the western and eastern shallow flats in South Bay. By looking at the net fluxes and
cumulative (residual) flux across each transect, Figure 4.13 suggests that residual transport is the result
of asymmetrical net fluxes over diurnal and neap/spring tidal cycles. The magnitude of net sediment
flux fluctuations is larger for the transects closer to the mouth of South Bay, likely due to the stronger
influence of the tide in the north of South Bay. The pink hori ontal line in the figures correspond to the
strongest wind speeds observed during the time period modelled (>10m/s). Sediments suspended on
the flats during this wind event were transported from the channel to the west flat across Transects
2 and 3 (see Figure 4.13). Wind-induced wave resuspension amplified transport from the channel

to the east flat across Transects 6 and 7.

(a) Gross flux of sediment across transects parallel to the
longitudinal axis of South Bay, separating the primary
channel from the eastern and western flats.

(b) Cumulative transport of sediments across transects
parallel to the longitudinal axis of South Bay, separating
the primary channel from the eastern and western flats.

Figure 4.13: Sediment exchange between the channel and the eastern and western flats in South Bay for the baseline simulation.
The dark gray areas represents the channel, flanked by the flats (lighter gray) on either side. The colors of the y-axes correspond
to transects parallel to the channel, separating the channel from the flats. The location of the transects is shown in the maps in
the upper left and in Figure 3.10. The hori ontal gray bands represent the two time periods corresponding to pulses of freshwater
from the Delta during W 2015, and the hori ontal pink line corresponds to the maximum wind speed event.
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Figure 4.14: Exchange of sediments between the channel and the flats in South Bay for all scenarios. Each subplot contains the
net transport of sediments across a transect parallel to South Bay s longitudinal axis. The color of the y-axis corresponds to the
transect color in the map of South Bay (top left).
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4.3.6. Correlation Analysis
To evaluate the impact of density-driven circulation on sediment transport in South Bay, salinity differ-
ences in South Bay were compared to sediment fluxes. The gross sediment fluxes across cross-sections
in South Bay were monthly averaged to reduce the influence of the semi-diurnal and neap-spring tidal
signals. These values were compared to the corresponding monthly averaged density differences in
South Bay. Sediment fluxes were compared to vertical and hori ontal ”local” and ”global” salinity dif-
ferences. The vertical salinity difference refers to the difference in salinity between the surface and the
bed at a given point, while the hori ontal difference refers to the difference in depth-averaged salinity
between two coordinates. Pubben (2017) found that salinity dominates over temperature in determin-
ing water density in SFB, so correlations between sediment fluxes and salinity differences indicate the
influence of density-driven circulation on sediment transport.

Figure 4.15: Location of points at which salinity information was used to calculate ”global” and local salinity differences in South
Bay. The colored lines show points that were used to calculate local salinity gradients.

Global vertical salinity differences were calculated by taking the difference between the average of the
salinity values in the upper and lower vertical layers of the water column at each salinity station shown
in Figure 4.15 for each timestep. The global hori ontal salinity differences were calculated by taking
the difference between the depth averaged salinity for each timestep at a station near the mouth (just
south of Bay Bridge), and at a station just north of Dumbarton Narrows.

𝐺𝑙𝑜𝑏𝑎𝑙 Δ𝑆 (𝑡) = (
∑ 𝑆 (𝑡, 𝑝)

𝑛𝑝𝑡𝑠 ) − (
∑ 𝑆 (𝑡, 𝑝)

𝑛𝑝𝑡𝑠 ) (4.1)
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𝐺𝑙𝑜𝑏𝑎𝑙 Δ𝑆 (𝑡) = (
∑ 𝑆 (𝑡, 𝑙)

𝑛𝑙𝑎𝑦𝑒𝑟𝑠 ) − (
∑ 𝑆 (𝑡, 𝑙)

𝑛𝑙𝑎𝑦𝑒𝑟𝑠 ) (4.2)

with:

Δ𝑆 = Salinity Difference [𝑝𝑝𝑡]
𝑡 = timestep [ℎ𝑟]
𝑝 / 𝑛𝑝𝑡𝑠 = salinity point / total number of salinity points (15); see pink dots in Figure 4.15
𝑙 / 𝑛𝑙𝑎𝑦𝑒𝑟𝑠 = vertical layer of water column / total number of vertical layers (10)

The calculated global salinity station differences are shown in Figure 4.16 for both W 2015 and W
2017 hydrodynamics. The effect of the pulses of freshwater discharge from the Delta are noticeable,
and the impact of the neap-spring tidal cycle is amplified during times when the salinity field is impacted
by Delta Discharge, evidence of tidal straining. Notice in W 2015 how the neap-spring signal present
in the vertical salinity difference between January and March is dampened following the freshwater
pulses. For both W 2015 and W 2017, the global, hori ontal salinity difference between the mouth
of South Bay and Dumbarton Narrows is around 1ppt during the dry period (low Delta discharge). A
pulse of freshwater from the Delta freshens Central Bay with respect to South Bay, and the hori ontal
salinity difference temporarily becomes negative, generating reverse estuarine circulation. Following
the initial pulse, Central Bay returns to oceanic salinity values, while South Bay maintains low salinity
from the Delta Discharge flushing. This causes a hori ontal salinity difference that is higher than the
baseline difference at the beginning of the simulation (around 2-3ppt for W 2015 and 8-9ppt for W
2017). These patterns are consistent with the observations of salinity gradients in South Bay described
by McCulloch et al. (1970) and Conomos et al. (1985).

Figure 4.16: Global hori ontal and vertical salinity differences across South Bay for the baseline simulation (W 2015) and the
wet yearr simulation. Values are daily averaged (over 24 time steps of one hour). The Delta discharge hydrograph is shown to
compare the salinity gradients with Delta discharge. Evidence of tidal straining (periodic reinforcement of stratification due to
the tide) is present, especially after the Delta freshwater pulses.

The local vertical salinity differences were calculated by taking the difference between the salinity near
the bed and near the surface at the salinity point closest to each transect. The local hori ontal salinity
differences were calculated for each segment (𝑠𝑒𝑔 in Equations 4.3 and 4.4), represented by a colored
line in Figure 4.15. The depth averaged salinity difference between the most landwards and seawards
stations of each segment was taken as the local hori ontal salinity difference.

𝐿𝑜𝑐𝑎𝑙 Δ𝑆 (𝑡, 𝑝) = 𝑆 (𝑡, 𝑝) − 𝑆 (𝑡, 𝑝) (4.3)

𝐿𝑜𝑐𝑎𝑙 Δ𝑆 (𝑡, 𝑠𝑒𝑔) = 𝑆 (𝑡, 𝑝 ) − 𝑆 (𝑡, 𝑝 ) (4.4)

The outcome of the correlation analysis carried out to quantify the relationship between forcings and
sediment behavior in South Bay is presented here.
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Tidal Flats
The comparison between the baseline scenario and the baseline scenario without wind demonstrated
the importance of wind and sediment suspension in determining sediment flux magnitudes. No signifi-
cant correlation between SSC and wind speed were found on any of the 7 observation points distributed
across the east and west flats. This is likely due to the fact that SSCs are not only dependent on wind
speed. Rather, it is the timing of wind speed, wind direction, and water depth, that collectively influence
SSCs. As these different forcings operate on varying timescales (diurnal wind patterns, gusty winds
lasting hours, semi-diurnal tidal cycle, neap-spring tidal cycle), it is difficult to find direct correlations.
Another possible explanation for the lack of strong correlations could be the location of the observation
points at which the SSC time series were extracted. Behavior at observation points in shallower wa-
ter (1-2m) might be more tightly linked to wind and wave events than on the middle of the flats (2-4m).

Figure 4.17 shows the correlation between north-south transport across two transects on the east flat
and salinity differences in South Bay. The lack of a strong correlation indicates that density-driven
circulation is not tightly linked to sediment transport on the flats.

Figure 4.17: Correlations between monthly averaged gross transport across SB2 East Flat and SB3 East Flat transects and salinity
differences. These transects are are perpendicular to the primary channel and located on the east flat in South Bay (see Figure
4.1 for transect map). There is not a strong correlation between transport across the east flat and salinity gradients in South
Bay.

Channel
The cumulative transport curves (Figure 4.18) across several transects near the mouth of South Bay
indicate that sediment transport in the northern channel is significantly impacted by freshwater dis-
charge from the Delta for both the baseline scenario and the wet year scenario. This is evident by
the change in slope of the cumulative transport curve that begins with the first freshwater pulse and
lasts for months afterwards. To quantify the degree to which transport is related to Delta discharge,
the monthly averaged gross transport across cross-sections in South Bay were compared to monthly
averaged hori ontal (Bay Bridge vs. Dumbarton) and vertical (surface vs. bed) salinity differences in
South Bay. The results of the correlation analysis are shown in Table 4.2. The strongest correlation is
between monthly averaged gross flux at the SB2 transect and the global hori ontal salinity difference.
See Figure 3.10 for a map of transect locations.
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(a) Cumulative transport across transect SB1 Channel, which cuts across the main channel south of Bay Bridge.

(b) Cumulative transport across transect SB2 Channel, which cuts across the main channel south of SB1 Channel.
Gross flux across this cross-section showed the strongest correlation between salinity differences in South Bay.

Figure 4.18: Comparison of cumulative transport across channel cross-sections in northern South Bay for the baseline case (W
2015) and a particularly wet year (W 2017). See Figure 3.10 for a map showing transect locations. The surface transport and
near-bed transport were calculated based on sediment fluxes across the top three and bottom three hydrodynamic layers.

Table 4.2: Pearson correlation coefficients between monthly averaged gross transport over certain transects and global and local
vertical and hori ontal salinity gradients in South Bay.

Correlation Coefficients

Transect Horizontal/ Baseline Wet Year
Vertical Global Diff. Local Diff. Global Diff. Local Diff.

Bay Bridge Hori . 0.62 -0.32 0.19 0.86
Vert. -0.68 -0.70 0.73 0.79

SB1 Channel Hori . 0.75 0.55 0.41 0.89
Vert. -0.63 -0.62 0.73 0.73

SB2 Channel Hori . 0.79 0.79 0.92 0.87
Vert. -0.60 -0.72 0.01 -0.25

SB3 Channel Hori . 0.24 0.02 0.64 0.41
Vert. 0.29 0.02 0.42 0.15

Dumbarton Narrows/ Hori . -0.13 -0.63 0.19 0.08
South Vert. 0.47 -0.56 0.73 0.28

The model results suggest that the direction and magnitude of sediment flux in northern South Bay
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(a) Correlations between monthly averaged gross transport across transects SB1 Channel and SB2 Channel and
global salinity differences for the baseline simulation.

(b) Correlations between monthly averaged gross transport across transects SB1 Channel and SB2 Channel and
global salinity differences for the wet year simulation.

Figure 4.19: Relationship between gross transport and salinity differences in South Bay channel for (a) the baseline simulation
and (b) the wet year simulation.
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varies significantly near the bed and near the surface, as illustrated by Figure 4.18. The correlation
between monthly averaged gross fluxes and hori ontal differences indicates that sediment transport
near the mouth of South Bay is linked to currents induced by density gradients in South Bay. At the two
cross-sections shown in Figure 4.18 (SB1 Channel and SB2 Channel, located landwards of Bay Bridge),
the directions of residual sediment fluxes near the surface and near the bed are different during the
period of high Delta discharge, characteri ed by higher salinity in South Bay than in Central Bay, and
during the period of reducing delta Discharge, characteri ed by higher salinity in Central Bay than in
South Bay.

In the beginning of the period of high Delta Discharge, before baroclinic flows have flushed South Bay
with freshwater, the salinity in Central Bay becomes lower than that in South Bay (Figure 4.16). During
this period, net sediment fluxes near the surface at SB1 Channel and SB2 Channel cross-sections are
directed landwards and near-bed fluxes are directed seawards, evidence of reverse estaurine circula-
tion.

In the period following high Delta Discharge (March-August), net flux across transects SB1 Channel
and SB2 Channel is directed landwards both near the surface and near the bed, indicated by the neg-
ative/landwards slope of the cumulative transport curves in Figure 4.18. This suggests that during
periods of reducing Delta discharge, transport across these transects is more tightly linked to the hor-
i ontal salinity gradient across South Bay s longitudinal axis.

During the wet year simulation, the direction of the residual flux across SB1 Channel transect near
the surface is landwards directed and the residual flux near the bed is seawards directed; during the
baseline simulation, residual flux near the surface is seawards directed, and residual flux near the bed
is landwards directed. This indicates that the magnitude of Delta discharge influences the vertical
distribution of net sediment flux in the northern channel of South Bay.

4.3.7. Delta Discharge & Sediment Exchange at Bay Bridge
The results of the tracer analyses and the application of the DELWAQ model to different hydrodynamic
scenarios suggests that the nature of sediment exchange between South Bay and Central Bay is linked
to hori ontal salinity gradients along the longitudinal axis of South Bay, induced by varying degrees of
freshwater discharge from the Sacramento and San Joaquin Rivers. The magnitude of Delta discharge
influences whether South Bay will experience a net import or net export of sediments in a given year.
Figure 4.20 shows the average gross sediment flux for each vertical layer of the water column across
Bay Bridge for three different periods characteristic of low, high, and reducing Delta discharge. The
average gross flux over these periods can be used as an indicator of residual flux. During periods of
low Delta discharge (e.g. during the summer), residual flux near the surface dominates, and a net
export of sediments from South Bay is observed. During periods of high Delta discharge, when the
gravitational circulation reverses because Central Bay becomes less saline than South Bay, residual
fluxes near the surface and the bed are landwards directed, and South Bay imports sediments. Once
Central Bay returns to oceanic values, hori ontal salinity gradients induce strong estuarine circulation,
resulting in residual landwards near-bed transport that dominates over seawards-directed transport
near the surface; as a result, South Bay imports sediments.
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Figure 4.20: Average gross sediment flux across Bay Bridge during periods of low, high, and reducing Delta discharge. The
time periods over which the averaged values were calculated are shown by corresponding colored boxes overlaid on the Delta
hydrographs. The average gross fluxes for the period of low Delta discharge were based on modelled fluxes for W 2015, and
the average gross fluxes for the periods of high and reducing Delta discharge were based on modelled fluxes for W 2017 during
which the effects of freshwater discharge on density-driven circulation are more pronounced.
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Discussion

In this chapter, the results of the model calibration and application are evaluated with consideration
for the assumptions and limitations of the methodology applied. The advantages and shortcomings of
the offline DELWAQ-D-FLOW coupling are discussed, and recommendations for further model improve-
ment and research applications are proposed. In furthering our understanding of the SFB system, the
DELWAQ model can serve as a tool to inform more educated, sustainable management decisions. This
chapter highlights potential model applications in the context of water quality, habitat restoration, and
climate change.

5.1. Modelling Fine Sediments in DELWAQ
The DELWAQ model developed and calibrated in this study provides a powerful tool to investigate how
complex, spatially and temporally varying processes influence sediment transport in SFB. This study
shows that an offline coupling of a D-FLOW hydrodynamics model and a DELWAQ sediment tracer
model provides an efficient way to study fine sediment transport in estuarine environments where 3D
circulation plays a prominent role. Here, the benefits and drawbacks of this methodology are discussed.

Pros:

Efficiency: Applying the DELWAQ model to output from the D-FLOW model avoids having to
recompute the computationally expensive hydrodynamics with each simulation. Running the D-
FLOW model to simulate one year plus a two month spin-up period takes about 10 days, while the
DELWAQ model only requires 11 hours to simulate sediment transport for the same time period.

WQ Applications: Modelling suspended sediments in DELWAQ allows for easy applications in
the context of water quality modelling (e.g. SPM field from DELWAQ model can be used to
determine light climate for phytoplankton in DELWAQ-BLOOM model).

3D Capabilities: 3D sediment dynamics is not yet implemented in Delft3D FM software.

Avoid Effects of Hydrodynamic Spin-Up: By starting the DELWAQ simulation after the hy-
drodynamic spin-up period has ended, sediment fluxes and redistribution are not impacted by
the unrealistic behavior during the hydrodynamic spin-up period.

Cons:

Loss of Feedback: The offline coupling of the two models reduces the feedback between envi-
ronmental and hydrodynamic forcings and sediment behavior (further discussed in Section 5.1.1).
Modelling sediments online in Delft3D Flow can simulate sediment-density coupling and morpho-
logical feedback, while the offline coupling between DELWAQ and Delft3D FM Flow cannot.

Required Expertise: This methodology requires the knowledge of two models, rather than just
one. Linking output from the D-FLOW and DELWAQ models requires additional post-processing.
The labelling of sediments and creation of cross-sections to measure sediment fluxes for an
unstructured grid is not trivial, and are more easily implemented in D-FLOW
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5.1.1. Modelled SSCs
While the neap-spring signal was well represented by the model, the degree to which the model
captures SSC fluctuations on a sub-tidal timescale requires more attention. The direction of residual
transport remained constant for all calibration parameter settings tested, likely due to the strong in-
fluence of tidal advection on SSCs and sediment transport. However, if used for other applications
(e.g. phytoplankton modelling), further calibration is needed to better reproduce SSC fluctuations on
shorter timescales. The modelled SSCs on the flats are higher at low water than at high water during
high wind events (Figure 4.6). This is not consistent with observations by Lacy et al. (1996) or Brand
et al. (2010), who found that SSCs in South Bay were higher during flood tides following wave-induced
re-suspension at low water. Brand et al. (2010) concluded that sediments suspended by waves during
ebb remained in the bed boundary layer on the flats, and that energy from tidal currents was needed
to entrain these sediments higher in the water column. Comparisons between bed shear stresses, as
determined by the near-bed velocity profile, and vertical sediment flux by Brennan et al. (2002) also
suggest that sediments on the flats are restricted to the bed boundary layer during slack tide. The fact
that modelled spikes in SSC on the flats correspond to low water during wind wave resuspension events
indicate that this phenomena is not currently captured in the DELWAQ sediments model. Further cali-
bration of the sediments model should focus on the phasing of SSC concentrations over the course of
a tidal cycle. The tuning of the mud parameters in DELWAQ during the calibration procedure changed
the magnitude of the SSC fluctuations, but did not significantly impact the phasing, so alterations to
parameters in D-FLOW might also have to be explored to improve model performance, as explained in
Section 5.1.1.

Bed Shear Stresses
As resuspension scales with the excess bed shear stress, further investigation into how wind and wave
events are translated into bed shear stresses could help to improve the accuracy of the modelled SSC
signal over shorter timescales. The coupling of the D-FLOW and DELWAQ models provides an effi-
cient method to study sediment dynamics in SFB while accounting for the 3D effects of wind, waves,
temperature, salinity, river discharge, and the tide. However, the offline coupling limits the degree to
which the sediment tracer model can be calibrated, as the parameters controlling how the bed shear
stresses are calculated are built into the D-FLOW model. The DELWAQ sediments model is calibrated
by altering the parameters that control the vertical exchange of sediments between the bed and the
water column (sediment fall velocity, 𝑤 , critical shear stress for erosion, 𝜏 , , and erosion rate, 𝑀).
Tuning the erosion parameters and the critical shear stresses control how the DELWAQ model simu-
lates the response of bed sediments to bed shear stresses induced by waves and currents; however
there is no control over how hydrodynamic forcings (e.g. waves, currents) are translated into bed
shear stresses in DELWAQ. For complete control over the behavior of the sediments in the DELWAQ
model, the calibration would have to include the sensitivity of the coupled D-FLOW-DELWAQ models
to changes in how the bed shear stresses are calculated.

For example, in the D-FLOW model, the wave component of the bed shear stress scales with a wave
friction factor 𝑓 , which is a function of the bed roughness length. Changes in the bed roughness in
the D-FLOW model, therefore, impact the bed shear stresses that are fed into the DELWAQ sediments
model and influence fine sediment settling and resuspension. Though no data on bed shear stresses
is available for the time period used for calibration, Brennan et al. (2002) and T. Cheng et al. (1999)
provide in-situ bed shear stress measurements in SFB that can be used for qualitative comparison.
T. Cheng et al. (1999) found that the roughness length in South Bay varied over the course of the tidal
cycle, which is not accounted for in the hydrodynamic model where a constant roughness length is
assumed. For further details on how the bed shear stress is calculated in D-FLOW see Appendix A.

Tuning D-FLOW parameters to evaluate the impact on the DELWAQ sediments model behavior is a time
consuming task, as each D-FLOW run takes about 10 days. Nonetheless it is important to consider that
the behavior of sediments is not limited to the parameters set in the DELWAQ model.

D-FLOW Wind
It is important to note an error in the wind forcing of the D-FLOW model that was applied to the
baseline, wet year, and barotropic simulations. There are periods ranging from one to three weeks
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where the modelled wind is constant, as shown in Figure 5.1. For the periods where the wind speed
fluctuates, the modelled wind accurately represents the observed diurnal wind signal and gusty wind
events. For the erroneous periods with constant wind speeds, comparisons between measured and
modelled SSC values are not valid.

Figure 5.1: Modelled wind in D-FLOW. Periods from 1-3 weeks are incorrectly forced with constant wind speed (hori ontal lines).

Sources of Error
The model does not accurately describe SPM dynamics between March and August (see Figure 3.9). As
shown in Figure 5.2, the correlation between measured and modelled hourly values is twice as strong
when this period is excluded from the timeseries. Possible causes for this disagreement between spikes
in SSC that are measured at Dumbarton but missed by the model are discussed here.

The model simulates spikes in SSC on the East Flat at the times where SSC spikes were measured
between March and August at Dumbarton. However, these modelled spikes on the east flat are not
simulated seen in the model at Dumbarton. One possible explanation for this discrepancy is that the
SSC fluctuations with respect to tidal phasing are not well represented. During high wind events, spikes
in SSCs have been observed during high water following wind wave resuspension events on the flats
(Brand et al. 2010, Lacy et al. 1996), but in the model the spikes in SSC occur at low water. Sedi-
ments suspended during ebb tide are then advected to different parts of the Bay by tidal currents. The
phase shift between SSC spikes and water depth is important to reproducing the non-linear interaction
between the tide and wind wave resuspension on the flats that Brand et al. (2010) identified as a
controlling factor of sediment fluxes in South Bay.

The disagreement could also be an issue of fall velocity - if the fall velocity is too large, the lag time
between the initiation of settling and deposition on the bed is too short for the increase in suspended
sediments on the east flat to be seen in the model at Dumbarton. Another possible explanation for
the temporary disagreement between observed and modelled SSCs is an error in data collection. It
is possible that biological matter in the water column or algae growing on the sensor affected the
measured SSC values between March and August.

𝜎-layers
The calibration in this study used RMSE to evalute model performance. Measured SSCs at two fixed
elevations above the bed were compared to modelled SSCs at the same coordinates in the tenth
(bottom) and sixth vertical layers. Since 𝜎− layers represent a fixed fraction of the water depth, the
average height above the bed of a vertical layer varies over the course of a tidal cycle. This may skew
the relationship between measured SSC values at a constant height above the bed and modelled SSC
values whose height above the bed is a function of water depth and varies over each tidal cycle. The
effect of depth variation on an SSC time series can be excluded by looking at modelled depth-averaged
values; however, the measured vertical concentration profile of sediments would be needed to compute
the corresponding measured depth-averaged values.
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(a) Effect of the poorly simulated period between March and August. The correlation between the hourly measured
and modelled values is twice as high when excluding this period.

(b) Effect of the poorly simulated period between March and August for daily averaged SSC values. The correlation
between the measured and modelled values is twice as high when excluding this period. The correlations are
stronger between daily averaged values than between hourly values because the degree to which the model
captures neap-spring SSC variations is better than that to which it captures fluctuations over the ebb-flood cycle.

Figure 5.2: Effect of the poorly simulated period between March and August on model performance.

5.1.2. Recommendations for Further Calibration & Model Improvement
To improve the DELWAQ model performance and its ability to reproduce SSC fluctuations on sub-tidal
timescales, further calibration of the model is needed. As explained in Section 5.1.1, further calibration
should be done to better capture the phasing between water depth fluctuations over the ebb-flood
cycle and SSC fluctuations, especially during wind wave events.

Only top priority model parameters were tuned in this study. Additional model calibration could also
explore model sensitivity to the number of mud fractions, the deposition efficiency (presence of a
fluid mud layer), and the thickness of the buffer layer (S2). The thickness of the buffer layer was
not prioriti ed as a calibration parameter in this study. However, further studies could alter this value
(currently set at 10 cm) to calibrate the timescale of system response. This calibration could be based
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on the time it takes for SPM concentrations to return to baseline after a major disturbance (personal
communication, Thijs van Kessel, April 18, 2018). See van Kessel et al. (2009) and van Kessel et al.
(2011) for more details on calibration methods for the buffer layer model and the impact of the thickness
of the buffer layer.

Consider Larger Range of Data
The DELWAQ fine sediments model was calibrated using high-frequency USGS SSC data that was only
available at one measurement station near Dumbarton Bridge during the time period simulated by the
D-FLOW hydrodynamics. Good model performance in one area of South Bay, however, does not imply
accurate model behavior elsewhere in the model. In South Bay, high-frequency SSC measurement
stations are also located at San Mateo and Channel Marker 17 (see Figure 3.8), but the sediment data
collection for these two stations ended in 2005. To perform a more thorough calibration, the D-FLOW
hydrodynamics model could be adapted to simulate a period between 1992 and 2005 during which
high-frequency SSC data is available at all three USGS measurement stations in South Bay). Once a
robust calibration is completed, then the model can confidently be applied to different time periods. Al-
ternatively, a comparison of data from various stations during periods where data is available could be
used to qualitatively assess the DELWAQ model performance at different areas throughout the model.

Table 5.1 summari es sources of data that could be used to further calibrate and validate the DELWAQ
sediments model.

Table 5.1: Additional sources of SSC and SSF data that could be used to calibrate and validate the DELWAQ model.

Source Data Time Periods

Shellenbarger et al. (2013) SSF at DMB W 2009 - 2011

Gartner et al. (2001) SSC at DMB & SMB One week in Oct. 1998 & one
week in Jan. 1998 for each site

Brand et al. (2010) SSC & SSF at two stations on
East Flat near SMB Feb. 24, 2009 - March 16, 2009

Downing-Kun et al. (2017) SSF at Golden Gate
One ebb and one flood tide in
(a) March 2016 (b) June 2016
and (c) Feb. 2017

Lacy et al. (1996)
SSF & SSC at location on
East Flat between DMB and
DMB

Nov. 23 - Dec. 15, 1993 &
March 7-21, 1994

USGS R/V Polaris Cruise,
Schraga & Cloern (2017)

2D SSC measurements at
stations along longitudinal
axis of SFB estuary taken at
1m depth intervals

Irregular; at least monthly, from
1969-2015

USGS WQ measurements
Cloern & Schraga (2017)

15-min interval SSC
measurements at (a) SMB
(b) DMB (c) Channel Marker
17 (d) Alcatra stations

(a) 1992-2005 (b) 1992-present
(c) 1992-2005 (d) 2003-present

March 21-22 following storm event; June 23, 2016, during period of low Delta discharge; February 27-28,
2017 following several large storms during wet year (extreme Delta discharge). Data from 2016-present
collected by R/V Peterson; see Schraga et al. (2018).

5.1.3. Limitations of Numerical Model
Numerical models can serve as powerful tools to study complex processes, but there is a limit to the
degree to which models can mimic reality. The results of the DELWAQ sediment tracer model provide
new insights into sediment dynamics in San Francisco South Bay; however, these results should be
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interpreted with consideration for the limitations and assumptions inherent in the model, which are
described here.

Flocculation
The suspension and settling of fine sediments is influenced by a number of factors, and not all of these
are accounted for in the DELWAQ model. As explained in Chapter 2, the settling of mud in the water
column is related to flocculation, which determines the si e and densty of suspended sediment flocs.
Flocculation is complicated - it is dependent on the shear rate, presence of organic matter, pH, salinity,
temperature, SSC, presence of diatoms, turbulence intensity, and the presence of sand (Manning et al.
2010, Mietta et al. 2009, Verney et al. 2009). Flocculation processes are not explicitly represented in
the DELWAQ sediments model - rather the mud fractions modelled represent floc fractions. There are
options in DELWAQ to include the influence of temperature and salinity on settling velocity implicitly, as
described in Appendix B. As the DELWAQ model was being developed and calibrated for the first time,
the adjustment of settling velocity based on salinity and temperature was not applied in this study.
However, future studies could study these functions and determine whether applying them enhances
the ability of the DELWAQ model to simulate sediment dynamics in South Bay.

Bed Processes
Bed erosion models don t account for the fact that the critical shear stress for erosion is dependent
on the history of the sediment bed (erosion, deposition, consolidation). There is no consolidation or
compaction process represented in the buffer layer bed model describing bed exchange in DELWAQ,
so sediments that have remained in the buffer layer for longer periods of time are equally as likely to
be resuspended for a given shear stress as those which were recently deposited.

Biological matter living in and on the bed also impacts sediment erosion, but is not represented in the
model. The effects of biology on sediment dynamics vary spatially and temporally and so are difficult
to represent in such a large model. Investigation into the details of bioturbation and biostabilation due
to biological organisms in South Bay was out of the scope of this study.

Sediment-density Coupling
Sediment-density coupling is a phenomena in which there is feedback between sediment concentration
and turbulence. Suspended sediments influence water density, which in turn influences turbulent
mixing in the water column. Turbulent mixing determines the vertical sediment concentration profile.
Denser water will be less mixed (meaning less upwards sediment transport), resulting in deposition (van
Maren 2013). This effect is not simulated in the DELWAQ sediments model, as the vertical dispersion
coefficients for each computational cell are computed by the D-FLOW model and used as input for
DELWAQ.

5.2. Recommendations for Future Research
The previous section provided recommendations to improve the DELWAQ model developed in this
study and summari ed its main assumptions and limitations. Building on the findings and insights of
this thesis, suggestions for further research and applications of the model to advance our understanding
of sediment pathways in South Bay are proposed here.

5.2.1. Data Collection
Numerical models are powerful tools to study complex processes in dynamic coastal environments,
but the quality of their results is limited to the degree to which they are validated with in-situ data
and observations. Here, recommendations for further data collection to be used for calibration and
validation are given.

SSC at River Boundaries
For W 2017, the last 2 and a half months of the simulation are forced with SSC measurements from
W 2015 due to a lack of data. Though the river discharge rates were not high during this period, the
timing between discharge and sediment concentration is important to accurately calculate the sediment
loads delivered to the SFB system. More complete SSC datasets at the river boundaries represented in
the model could result in more convincing estimates of sediment loads delivered to the system. The
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D-FLOW model is already validated for W 2011 and 2012 with correct tidal and wind forcings. These
two W s are representative of a ”wet” and ”dry” year (Martyr-Koller et al. 2017), so if complete SSC
and discharge data for these years was available, the DELWAQ model could be applied to this period.

Although most freshwater is delivered to SFB from the Central Valley via the Delta, the sediment supply
is dominated by local tributaries. Approximately 61 % of sediments entering the SFB system in recent
years are delivered by over 450 tributaries draining from local watersheds. To use the DELWAQ model
as a tool to estimate how sediment budgets are likely to change in upcoming years, more of these
local sediment sources must be accounted for in the model. To do so, the most significant of these
tributaries should be prioriti ed for SSC data measurements such that sediment budget calculations
can be made more confidently. If the sediment contributions from these local sources were accounted
for in the DELWAQ model, the model could be used to determine the impact of the growing influence
of local versus far-field (Delta) sediment inputs.

Bed Shear Stresses
Although studies by T. Cheng et al. (1999) and Brennan et al. (2002) provide in-situ estimates of bed
shear stresses in SFB, additional measurements on the flats and in the channel in South Bay during the
time period used to calibrate and validate the D-FLOW hydrodynamics model could help tune D-FLOW
parameters and improve the way that hydrodynamic forcings are translated into shear stresses.

Bed Composition
The initial condition of the bed for the DELWAQ model was created by a BCG run, during which sed-
iments were redistributed throughout the model domain as they approach dynamic equilibrium with
the hydrodynamics. The result of the BCG process generated an initial sediment distribution for the
DELWAQ sediments model that was consistent with expectations and observations - mud mostly settled
on the western flat (low shear stresses) and was washed out of the channel. But the composition of
the bed was not compared to in-situ bed composition data. Two mud fractions characteri ed by differ-
ent fall velocities were initiali ed in the model based on the findings of past modelling studies in SFB
(Achete et al. (2015), Ganju & Schoellhamer (2009), van der Wegen et al. (2011)). The fall velocities
of these fractions were tuned as calibration parameters, but measured floc si e distributions provided
by floc cameras or LISST devices could indicate whether more (or fewer) than two mud fractions are
needed to represent reality.

5.2.2. Spectral Analysis
Correlations between hydrodynamic and environmental forcings and sediment responses (SSCs or sed-
iment fluxes) can help to identify the controlling factors of sediment transport patterns in South Bay.
Finding direct correlations between wind and SSC proved unsuccessful in this study. This could po-
tentially be caused by a poor choice of the locations of observation points. Correlations between high
speed wind events and SSC may be higher in even shallower areas than those analy ed in this study.

A number of forcings operating on different timescales and the interactions between them must be
considered when investigating the driving forces of sediment transport. When comparing wind speed
and SSC values, the SSC fluctuations are also influenced by fluctuations associated with the semidiurnal
and neap-spring tidal signals. Winds blowing from different directions might impact the SPM field
differently in different areas of the flat. Because the SPM climate is a function of the interaction
of many processes on timescales ranging from hours to weeks, isolating one factor to evaluate its
impact is a challenging task. Transform SSC and gross sediment flux data to the frequency domain
by employing wavelet analysis or a fast fourier transform to decompose the signals present in the
time series could reveal quantifiable relationships between forcings and sediment behavior. Applying
Empirical Orthogonal Functions (EOFs) could also help to isolate and quantify the contribution of signals
from different types of forcings to SSCs and sediment fluxes (Larson et al. 2003). For further information
on applying spectral analysis and EOFs to understanding the driving factors of SSCs, the reader is
directed to Schoellhamer (1996) and Velegrakis et al. (1997).
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5.2.3. Tracer Analysis for Different Hydrodynamic Scenarios
The tracer analysis in this study only considered the baseline year hydrodynamics, but comparing
how sediments move throughout the system under different hydrodynamic conditions could be a next
step towards understanding the processes controlling sediment transport in South Bay. The Delta
sediments simulation suggested that for W 2015, most Delta sediments settle landwards of Carquine
Strait during the year they enter the system, and some are resuspended by pulses in subsequent years
and transported seawards towards Central Bay and South Bay. It is difficult to generali e about the
pathways that Delta sediments take to reach South Bay without exploring different scenarios. For
example, how does this behavior change if sediments enter the system during a wet year with extreme
Delta discharge rates? Do more Delta sediments reach Central and South Bay during the year they
are discharged? If consecutive years of Delta pulses deposit lots of sediment in the Delta and Suisun
Bay, would extreme discharge rates wash these sediments seawards? With regards to sediments from
local tributaries, tracer simulations could be carried out to determine how the retention time of local
sediments in South Bay changes under different hydrodynamic scenarios. These are the types of
questions that could be answered by applying the sediment labels to different D-FLOW hydrodynamics.

5.2.4. Sediment Connectivity
Applying sediment connectivity concepts to study sediment transport patterns could provide a more
quantitative way to describe net sediment excursion, the timescales on which this transport occurs, and
what pathways sediments follow to get there. Methods such as adjacency and connectivity matrices
(see Pearson et al. (2017)) could be applied to understand how sediment is shared between different
areas of South Bay. In the context of sediment transport, an adjacency or connectivity matrix is a
way of representing sediment pathways, with one axis representing source nodes (where sediment
starts) and the other axis representing receiving nodes (where sediments end). The connectivity ma-
trix allows for advanced analysis of sediment connectivity and the identification of sediment-sharing
neighborhoods. The behavior of sediments from the east flat, the west flat, and the channel were
traced and studied in this research; but, discreti ing South Bay (or the entire SFB estuary) into more,
smaller areas and analy ing model results within the framework of a connectivity matrix could reveal
more subtle transport patterns and relationships.

The results of the tracer studies suggest that sediment entering the system from the San-Joaquin and
Sacramento rivers accumulates in upper North Bay following a moderate Delta pulse with a maximum
discharge rate of 2000𝑚 /𝑠. This raises questions as to what happens to this sediment in subsequent
years, and how this behavior might change with extreme discharge rates, such as those observed during
W 2017. During the baseline year, Delta sediments did not significantly contribute to residual flux
across Bay Bridge relative to sediments entering from San Pablo and Central Bays; but the connectivity
between the Delta and South Bay may be amplified during periods of extremely high Delta discharge.
The timing between sediment deposition in North Bay (San Pablo Bay, Suisun Bay, and the Delta region)
and subsequent river pulses could significantly impact sediment connectivity throughout the estuary
as well. Bracken et al. (2015) provides an interesting way of studying the linkages between sediment
accumulation, external forcings, and sediment connectivity in river catchments. Further research might
explore these relationships and consider applying sediment connectivity principles to achieve a more
concrete understanding of sediment pathways in SFB.

5.3. Model Applications
The availability and behavior of fine sediments strongly influence the ecological health and habitat
potential of SFB. The improvements to the DELWAQ model made in this study (described in Section
6.1) serve as an important step towards building a tool that can be used in a predictive capacity
to understand how the system will respond to changes in environmental forcings and anthropogenic
developments. Here, potential applications of the DELWAQ model are discussed.

5.3.1. Habitat Restoration
In SFB, tidal wetlands are the areas most vulnerable to the harmful effects of sea level rise and increased
estuarine salinity brought on by climate change. They also happen to host the majority of endemic
plant species and the largest contributions to system biodiversity and primary productivity (Parker et al.
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2011). The South Bay Salt Pond Restoration Project - one of the largest restoration initiatives in the
United States - aims to return over 15,000 hectares of industrial salt ponds to tidal wetlands, which will
restore lost marshland habitat to a diverse assemblage of wetland birds, fish, shellfish, benthic fauna,
and aquatic plants (Valoppi 2018). The restoration project s success hinges on an ample supply of fine
sediments to support mudflat development. Recent research has shown a trend in decreasing sediment
supply to SFB due to anthropogenic developments throughout the watershed (Schoellhamer 2011).
This study showed that the phase of the neap-spring tidal cycle, the nature of density-driven flows,
and wind all influence net sediment transport landwards across Dumbarton Narrows. The DELWAQ
model developed in this research could be used in the short-term to identify the optimal timing of dike
breachings to utili e natural processes to deliver sediments to the target restoration area. One of the
greatest uncertainties of the restoration project is whether or not tidal flat development will be able
to keep pace with projected levels of sea level rise. On the longer term, the model could be used to
predict how South Bay s sediment budget will be affected by rising water levels and other effects of
climate change.

5.3.2. Climate Change
The impacts of global SLR are exacerbated in the SFB region due to local land subsidence, which raises
rates of rSLR compared to global levels. The increased risk of inundation in the Bay Area could lead to
saltwater intrusion, coastal erosion, and the drowning of valuable tidal and wetland habitats (Shir aei &
B rgmann 2018). Changing precipitation patterns could change the timing and magnitude of freshwa-
ter inputs to SFB, with recent research predicting wetter springs and drier summers for SFB (Dettinger
et al. 2004, Grenier & Davis 2010, Miller et al. 2004, van Rheenen et al. 2004). As density-driven circu-
lation between South Bay and Central Bay is linked to discharge from the Delta, significant alterations
to freshwater inputs to the system are likely to change the nature of these circulation patterns. The
DELWAQ model developed in this research could be used to anticipate the effects of such changes on
residual transport patterns and sediment budgets for different areas of the Bay.

As projections of SLR and precipitation patterns for SFB are not certain, the importance of adaptive
strategic management strategies informed by scientific research is essential. The demand for resources
provided by the SFB watershed to the surrounding region is often in conflict with responsible manage-
ment of the SFB estuary. Freshwater diversion in the Central Valley and development in low-elevation
areas in the Bay Area threaten the long-term sustainability of the estuary and influence the system s
sediment budget (Parker et al. 2011). Understanding how sediment budgets will be impacted by
changes in atmospheric and hydrodynamic forcings brought on by climate change is needed to inform
large-scale management decisions that have the potential to prevent and mitigate harmful impacts.
The DELWAQ sediment transport model could also be used to anticipate system response to manage-
ment decisions to identify the most sustainable alternatives. Ongoing work is being done to adjust the
D-FLOW hydrodynamics model to simulate projected future conditions.

5.3.3. Harmful Algae Blooms
The trend of decreasing sediment supply to SFB not only threatens tidal flat development. It also
raises concerns about water quality in South Bay, where the magnitude and frequency of harmful al-
gae blooms is limited by historically high turbidity levels (Ganju et al. 2008). High concentrations of
SPM govern the light climate and productivity potential of photosynthesi ing algae in the water column,
thereby preventing phytoplankton blooms that could threaten the ecological viability of the SFB estu-
ary. Ongoing photoplankton modelling initiatives in the SFB region seek a deeper understanding of the
controlling factors of these harmful algae blooms. The DELWAQ sediments model could be coupled
with DELWAQ s phytoplankton modelling BLOOM engine to incorporate the computed SPM dynamics.
The chain of hydrodynamic, sediment, and phytoplankton models could allow for the investigation of
linkages between hydrodynamic forcings, sediment supply, and overall water quality in the SFB system.

5.3.4. DELWAQ Model in Context: Limitations to Application
The DELWAQ model developed in this study has the potential to serve as a powerful tool to inform
management decisions that could alter the long-term trajectory of the SFB system. In its current state,
the model results should be interpreted with consideration for the fact that processes operating on
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Figure 5.3: Inundation maps for different climate change predictions (RCPs) for South Bay. The yellow areas show flooding
predictions based on global rates of SLR alone, and the red areas show predictions based on relative SLR, including the effects
of land subsidence. Point A: area of flooding considering the SLR prediction for RCP 2.6 scenario, representing the goals of
the 2015 Paris Climate Change agreement. Point B: area of flooding considering SLR prediction for RCP 8.5 scenario, with no
significant effort to mitigate GHG emissions [Image: Shir aei & B rgmann (2018)].

shorter time scales are not well represented, and the degree to which the model simulates sediment
fluxes locally has not been evaluated based on measured data. The calibration showed that large-scale
patterns in sediment transport (e.g. sediment budgets for South Bay, the direction of residual transport
patterns within South Bay) are largely stable regardless of alterations to parameters governing vertical
sediment exchange between the bed and the water column.

As a result of this study, both hori ontal transport and vertical bed exchange are included in the model,
so, the primary baroclinic (estuarine circulation, tidal straining) and barotropic (tidal asymmetry, lag
effects) mechanisms driving the net transport of fine material are accounted for. Since residual trans-
port in a tidally-dominated estuary, such as SFB, is the result of unbalanced, oscillating tidal fluxes
superimposed on gravitational circulation, accurate representation of the tide and the salinity gradients
driving circulation patterns is important to simulating sediment transport. Confidence in the sediment
behavior simulated by the DELWAQ model is therefore dependent on the accuracy with which the hy-
drodynamic model describes tidal currents and the salinity field.

In South Bay, wind wave resuspension plays an important role in mobili ing sediments on the flats, and
the interaction between tidal currents and vertical transport influences the fate of sediments suspended
by waves during ebb. Generally speaking, the relative phasing of SSC fluctuations and water depth



5.3. Model Applications 67

over the ebb-flood cycle is not well reproduced by the model; however, neap-spring SSC fluctuations
are captured quite well. The accuracy with which the model needs to simulate processes on shorter
temporal and spatial scales in order to reproduce larger-scale trends in sediment transport is uncertain
and raises questions about the level of model complexity needed to study given processes.

Before it can be applied in an absolute, predictive sense, the model should be validated based on mea-
sured sediment flux data and SSC data at multiple locations throughout the domain. In its current state,
the DELWAQ model can be used to isolate certain processes (e.g. wind, baroclinic flows, varying levels
of freshwater input) to better understand the driving forces of sediment transport in SFB. It can also
be used to compare relative system responses to certain changes to environmental and hydrodynamic
forcings.





6
Conclusions

This thesis shows that a 3D process-based numerical model coupled with a water quality model can be
used to study large-scale sediment transport patterns in complex estuarine systems, and the application
of this methodology has provided new insights into sediment dynamics in SFB. This chapter highlights
the scientific contributions of this research and presents the main outcomes in the context of the
research questions posed to guide this study.

6.1. Advances
This work builds upon previous efforts by van Kempen (2017) to model fine sediment transport in
SFB. Improvements to the previously existing model and the implications for model application are
summari ed here.

Bed Exchange: The previous version of the DELWAQ model did not include sediment exchange
between the bed and the water column. A buffer layer sediment model, with several important
modifications to the classical Partheniades-Krone formulations, was implemented to describe sed-
imentation and erosion.

Initial Sediment Condition: A BCG run was carried out to define an appropriate initial sediment
bed composition and reduce the effects of model spin-up.

Model Calibration: The DELWAQ model was calibrated based on high-frequency measured SSC
data. The model is able to reproduce SSC fluctuations following the neap-spring tidal cycle.

By including erosion and deposition in the DELWAQ model and initiali ing the bed composition, the
effects of wind wave resuspension and tidal asymmetry on sediment transport are now accounted for.
Before bed exchange was implemented in the model, the simulated transport of fine material was not
representative of reality. As a result of this study, the DELWAQ model can now be used to study sedi-
ment pathways in SFB with consideration for all of the primary mechanisms driving suspended sediment
transport. It could also be adjusted and applied to study other estuarine systems characteri ed by fine
sediments where 3D circulation patterns play a prominent role.

6.2. Findings
Four primary research questions guided this research, and the main findings are summari ed here:

What are the processes controlling sediment exchange between South Bay and Central
Bay?

Model results indicate that residual transport across Bay Bridge is the result of tidally-driven oscillations
in gross fluxes superimposed on estuarine circulation. The nature of sediment exchange between
Central Bay and South Bay at Bay Bridge is linked to hori ontal salinity differences between the two,
and can be characteri ed according to the following three scenarios:
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Figure 6.1: Comparison of the DELWAQ model performance before and after improvements made during this study.

1. Low Delta Discharge: During baseline conditions, a relatively weak salinity gradient between
Central Bay and South Bay drives landwards-directed sediment flux near the bed and higher
magnitude seawards-directed flux near the surface. A net export of sediment from South Bay is
observed.

2. High Delta Discharge: Shortly after a large pulse of freshwater from the Delta reaches Central
Bay, the salinity gradient along the longitudinal axis of South Bay is reversed, driving landwards-
directed net flux near the surface. Residual flux near the bed is briefly (on the order of days)
directed seawards before returning to landwards-directed flux. A net import of sediment into
South Bay is observed.

3. Reducing Delta Discharge: Density-driven water exchanges during periods of high Delta Dis-
charge freshen South Bay with respect to Central Bay, resulting in a strong salinity gradient
between Central Bay and South Bay and strong estuarine circulation. Net flux near the surface is
directed seawards, and net flux near the bed is directed landwards. Bottom transport dominates,
resulting in net sediment import into South Bay.

A visuali ation of sediment flux across Bay Bridge for these three scenarios is shown in Figure 6.2.
During baseline years, defined as having maximum Delta discharge <2000 m3/s, seawards directed
transport near the surface dominates, yielding a net export of sediment from South Bay. During wet
years, South Bay is more likely to import sediments due to the large influx of sediments imported by
density-driven circulation during and after large Delta discharge events. As the direction of transport
across Bay Bridge is influenced by density-driven circulation that travels in opposing directions near the
surface and near the bed, the vertical concentration profile is an important factor in determining net
transport across the mouth of South Bay.

Model results suggest that the biggest contributors to sediment import into South Bay for a year similar
to W 2015 are sediments originating in San Pablo Bay, Central Bay, and Suisun Bay. Wind wave
resuspension in the shallow areas of North Bay controls the amount of suspended sediments available
for import into South Bay during periods of low Delta discharge.

How are sediments redistributed within South Bay, and what processes facilitate sediment
exchange between the channels and the shoals?

The primary pathways landwards are through the channel and on the west flat. On the east flat,
residual transport is seawards directed. Sediment circulation driven by the interaction of wind wave
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Figure 6.2: Schematic showing sediment flux at Bay Bridge corresponding to three stages of Delta discharge. Top: map showing
salinity gradients between Central and South Bay. The + symbols represent salinity concentrations. Middle: Figures schema-
ti ing vertical sediment flux distribution at Bay Bridge cross-section. The brown arrows show the direction and relative magnitude
of residual fluxes near the bed and near the surface during these periods (based on Figure 4.20). Bottom: Hydrographs showing
rates of freshwater discharge from the Sacramento-San Joaquin Rivers and periods corresponding to low Delta discharge, high
Delta discharge, and reducing Delta discharge.

resuspension and tidal currents facilitate the exchange of sediments between the channels and the
shoals. Sediments that enter South Bay tend to settle on the west flat, in the dredging site in the mid-
dle of South Bay, and along the western bank of the primary channel. With the exception of Bay Bridge,
the direction of residual sediment transport throughout South Bay is independent of wind, baroclinic
circulation, and Delta discharge rates, suggesting that the pathways that facilitate sediment exchange
within South Bay are dominated by the tide.

The amount of sediment in circulation and the magnitude of residual fluxes is related to wind wave
resuspension on the flats and sediment import via Bay Bridge. Wind speed and direction, tidal phase
(ebb/flood and neap spring), and water depth, collectively influence SSCs on the flats.

What pathways do sediments entering froma local tributary follow, and onwhat timescales
does this occur?

Sediments entering South Bay directly from local tributaries enter episodically following high precipi-
tation events. After a pulse of sediment enters the system from Alameda Creek, local sediments are
gradually transported seawards across Bay Bridge and a smaller percentage travels landwards across
Dumbarton Narrows. For W 2015, the mass of Alameda sediments in South Bay following discharge
events stabili ed within a few months. Additional simulations where sediments from local tributaries
are traced under different hydrodynamic conditions could provide insight as to how density-driven cir-
culation impacts the retention time of local sediments in South Bay. To better represent sediment
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contributions from local watersheds in the DELWAQ model, more of the local tributaries should be
gauged to measure discharge rates and sediment concentrations that can be used to force model
boundaries.

By which pathways do sediments from the Sacramento and San Joaquin rivers enter South
Bay?

There are two primary pathways by which sediments entering the SFB estuary via the Sacramento-San
Joaquin River Delta enter South Bay.

1. During periods of high Delta discharge, turbid freshwater from the Delta travels seawards and
enters Central Bay. Density-driven circulation and the tide bring sediments from Central Bay into
South Bay.

2. Delta sediments settle in North Bay following moderate periods of Delta outflow (<2,000 m3/s).
Delta sediments accumulate in North Bay until an extreme pulse of freshwater from the Delta
(>10,000 m3/s) resuspends these sediments and delivers them to Central Bay. Density-driven
circulation and the tide then bring sediments from Central Bay into South Bay. This suggests that
sediment connectivity between North Bay and South Bay is enhanced during periods of extreme
Delta discharge.

In this study, the DELWAQ model was applied to investigate the governing factors of South Bay s
sediment budget, the exchange of sediments between the channel and the shoals, and the pathways
taken by sediments entering the system from local watersheds and the Delta. New insights provided
by model results further our understanding of sediment dynamics in SFB, enabling for better predic-
tions as to how future changes in environmental conditions and human developments might impact
sediment availability in South Bay. With further validation, the model can be used as a predictive tool
to understand how the dynamics of SFB might change under increasing anthropogenic pressure, rising
water levels, and changing precipitation patterns. Such predictions can help to inform management
strategies and policy decisions with consideration for the long-term sustainability of the estuary.
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Appendix A

Bed Shear Stresses
The bed shear stresses used in calculating erosion and sedimentation in DELWAQ were calculated
in Pubben (2017) s and van Kempen (2017) s D-FLOW model. Since the bed shear control vertical
sediment exchange between the bed and the water column, an overview of how they were calculated
is provided here. Bed shear stresses induced by waves and by currents interact nonlinearly, thus their
combined effect cannot be determined by adding the individual components (𝜏 ≠ 𝜏 + 𝜏 ).
Additional turbulence generated by waves is ”seen” by flow as extra bottom roughness. Several complex
models have been developed to characteri e the bottom boundary layer under combined waves and
currents. Soulsby et al. (1993) parameteri ed eight of these methods, thus simplifying their application
to numerical modelling schemes.

𝜏 , = 𝑌 (𝜏 + 𝜏 ) (1)

𝜏 = 𝜌 ⋅ 𝑔
𝐶 ⋅ 𝑈 (2)

𝜏 = 0.5𝜌𝑓 ⋅ 𝑈 (3)

Here, 𝑌 represents a paramateri ation by Soulsby et al. (1993) of the wave-current interaction model
developed by Freds e (1984). The friction factor is calculated according to Swart (1974):

𝑓 = {0.3, 𝑟 ≤ 𝜋/2
0.00251, ⋅𝑒𝑥𝑝 (5.21 ⋅ 𝑟 . ) 𝑟 > 𝜋/2 (4)

with:

𝐶 = Manning coefficient
𝑓 = friction factor
𝑟 = 𝐴/𝑘 = relative roughness height
𝐴 = 𝑈 𝑇/2𝜋 = semi-orbital excursion [𝑚]
𝑘 = 30𝑧 = Nikuradse roughness [𝑚]
𝑧 = roughness length [m]

The total bed shear stresses calculated by the D-FLOW model are used as input for the DELWAQ model.
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Modelling Flocculation in DELWAQ
As explained in Chapter 3, the settling velocity of cohesive sediments cannot be directly linked to the
si e of individual grains due to flocculation and the influence of temporal and spatially varying water
properties. In DELWAQ, the user-defined settling velocity of each fraction of sediment is adjusted to
account for the dependence of flocculation on temperature, salinity, and suspended solids concentra-
tion Deltares (2016a).

Figure 3: The dependency of settling velocity on SSC for different critical SSC values (left) and different concentration coefficients
(right) in DELWAQ. The sedimentation velocity shown here is a function of only suspended solid concentration; no salinity or
temperature effects are included.

The settling velocity of each fraction is calculated in DELWAQ as follows, and the dependency on salinity
and sediment concentration is shown in figures 3 and 4.

𝜔 , = 𝑓 ⋅ 𝑓 ⋅ 𝑓 ⋅ 𝜔 , (5)

𝑓 = 𝑘𝑡 (6)

𝑓 = 𝑎 + 1
2 − 𝑎 − 12 ⋅ cos ( 𝜋 ⋅ 𝑆𝑆 ) (7)

𝑓 = ( 𝑆𝑆𝐶𝑆𝑆𝐶 ) (8)

with:

𝜔 , = user-defined settling velocity [𝑚/𝑑]
𝑎 = coefficient for flocculation enhancement [−]
𝑘𝑡 = temperature coefficient for settling [−]∗
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𝐶𝑠 = SSC [𝑔𝑚 ]
𝐶 critical SSC [𝑔𝑚 ]∗
𝑛 = constant for concentration effect on flocculation [−]∗
𝑆 = salinity [𝑃𝑆𝑈 or 𝑔/𝑘𝑔]
𝑆 = maximum of salinity function [𝑚]
𝑇 = water temperature [ 𝐶]
𝑖 = substance index

Parameters marked with (∗) above can be altered by users to steer the dependency of settling velocity
and flocculation on temperature and sediment concentration. For example, if 𝑛 is less than one, this
simulates a hindered settling regime, where increasing sediment concentration impedes downward
settling and the fall velocity is lowered. If 𝑛 is defined to be greater than one, this represents the
case where increased sediment concentration increases the likelihood that particles will collide and
aggregate. As a result, flocculation rates increase, leading to a higher fall velocity.

Figure 4: Settling velocity as a function of salinity only; the effect of sediment concentration and temperature are not considered.



Appendix C

Mud Parameter Sensitivity
Here, the impact of altering each parameter that was tuned during the model calibration is shown.
Each plot shows the modelled SSC timeseries over one year (W 2015) and one week in March to
resolve model sensitivity on shorter timescales. In general, tuning the mud parameters impacted the
magnitude of SSCs, but not the phasing of SSC fluctuations.

Figure 5: Model sensitivity to sediment fall velocities of both mud fractions.
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(a) Model sensitivity to eroth order erosion parameter for the fluffy layer.

(b) Model sensitivity to first order erosion parameter for the fluffy layer.

Figure 6: Model sensitivity to parameters governing resuspension from the fluffy layer.
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(a) Model sensitivity to erosion parameter for the buffer layer.

(b) Model sensitivity to critical shear stress of the buffer layer.

Figure 7: Model sensitivity to parameters governing resuspension from the buffer layer.





Appendix D

DELWAQ Cross-sections
Transects in DELWAQ are defined as continuous vertical surfaces across which fluxes are measured.
Due to the nature of the unstructured model grid, the direction of positive flow is not defined posi-
tive in the same direction for each computational volume. Therefore, each transect consisted of two
sub-transects: one consisting of cells defined positive in direction A→ B and the other defined positive
in direction B→A. The flux for each timestep across each cross-section was calculated by taking the
difference between the fluxes measured by the sub-transects corresponding to each direction.

Figure 8: Visual example of how transects are created in DELWAQ. Each individual exchange surface is defined by the following
4 segments: To, From, Downstream of To (D of To), and Upstream of From (U of From).

To study sediment fluxes at different depths in the water column, for each transect a monitoring cross-
section for each vertical layer was defined. As the DELWAQ model applied in this research had 10
vertical layers, and each transect needed to be defined for two directions, a total of 20 cross-sections
were defined in the DELWAQ input file for each transect defined in the model. The process of creating a
monitoring cross-section extending over the entire water column and calculating sediment fluxes based
on model output is shown in Figure 9.

Figure 9: Simplified pre- and post-processing workflow diagram for creation of a transect and calculation of hourly sediment flux
across cross-section for an unstructured grid in DELWAQ.
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The pointer (.poi) file contains information on the orientation of each segment by defining the ”to,”
”upstream of to,” ”from,” and ”downstream of from” segment numbers, and is used to separate the
list of exchange numbers into two sub-transects: one oriented in the arbitrarily defined (+) direction,
and one oriented in the arbitrarily defined (-) direction. These are defined as two separate monitoring
areas in the DELWAQ input. The DELWAQ simulation will output a .his file, containing information for
each monitoring area and observation point. The difference between the (+) and (-) sediment flux for
each time step is equal to the gross flux [mass/time step].
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